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Summary 
 
The secreted signaling proteins Hedgehog (Hh), Decapentaplegic (Dpp) and 
Wingless (Wg) play important roles in signaling events during development such as 
controlling pattern formation and growth. The secreted signaling molecule is released 
from producing cells and spreads into adjacent non-expressing tissue where it 
activates target gene expression in a concentration-dependent manner.  
The Drosophila Lipoprotein, Lipophorin, bears lipid-linked morphogens on 
its surface and is required for long-range signaling activity of Wingless and 
Hedgehog.  Lipophorin particles can also bind a wide variety of gpi-linked proteins. 
It is not known whether any of these proteins affect morphogen signaling. Heparan 
sulfate proteoglycans have been shown to play roles in various signaling pathways 
such as those of Wingless, Hedgehog and Dpp. Glypicans represent a subfamily of 
heparan sulfate proteoglycans and decorate the surface of most cells. The Drosophila 
glypicans Dally and Dally-like function autonomously to regulate the spread of 
morphogens such as Wingless and Hedgehog throughout the tissue. Since it has been 
shown that gpi-anchored proteins are released from cell surfaces by proteolysis or in 
association with Lipoprotein particles we investigated whether glypicans, which are 
gpi-modified proteins can also be released in vivo.  
Here, I investigate the processing, biochemical fractionation and localization 
of both Dally and Dally-like in wing imaginal discs. I showed that Dally and Dally-
like are released and that released forms of Dally and Dally-like interact with 
Lipoprotein particles. This interaction is mediated either through the gpi-anchor or 
via heparan sulfate side chains.  Non-gpi-modified Dally is secreted into the apical 
lumen of the disc where it interacts with Lipophorin particles.  Hedgehog signaling 
efficiency is reduced in dally mutant discs, but can be rescued non-autonomously by 
expression of non-gpi-modified Dally.  This form but not the basolaterally localized 
membrane-associated form co-localizes with Hedgehog, Patched and Lipophorin in 
endosomes and increases Hedgehog signaling efficiency without affecting Hedgehog 
distribution. These data show that the signaling activity of Hedgehog-bearing 
Lipoproteins is influenced by particle-associated Dally, and suggest Lipoprotein 
particles provide a platform for regulation of morphogen signaling. 
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Abbreviations 
 
A   anterior 
ap   apterous 
Apo II   Apolipoprotein II 
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su(fu)   suppressor of fused 
TGF   Transforming growth factor 
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v   ventral 
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1 INTRODUCTION 
 
Organization and controlled cell differentiation within a tissue is essential for 
the development of multicellular organisms. Signaling molecules including 
Hedgehog (Hh), Wingless/Wnt (Wg/Wnt), transforming growth factor (TGF), and 
fibroblast growth factor (FGF) regulate a large number of patterning events in 
developing animals. Growth and differentiation of most cells and tissues are 
coordinated by secretion, distribution, activation, and downstream signaling of these 
molecules. In the developing Drosophila wing the secreted proteins Hh, Wg and 
Dpp, a member of the TGF family, control growth, cell differentiation and pattern 
formation during development. These morphogens are released by restricted groups 
of cells and spread into adjacent non-expressing tissue where these proteins form a 
graded distribution.  The concentration of the signaling molecules provides the cell 
with positional information relative to the source of the signal and controls 
differential target gene activation in a concentration-dependent manner (Cadigan and 
Nusse 1997; Lum and Beachy 2004; Tabata and Takei 2004).  
Wg and Hh are modified by covalent attachment of lipid moieties and are 
tightly associated with membranes. This raises the question of how lipid-modified 
proteins with high membrane affinity can be released and travel through the tissue, 
and how they can activate target gene expression at long distances. Genetic studies in 
both Drosophila and vertebrates have illustrated that heparan sulfate proteoglycans 
(HSPGs) play important roles in signal transduction in vivo. Glypicans represent a 
subclass of HSPGs that are linked to the plasma membrane by a gpi-anchor. The 
Drosophila genome contains two glypicans dally and dally-like with demonstrated 
roles in Wg, Hh and Dpp signaling. Dally and Dally-like have been shown to be 
important for sequestration of Wg, Hh movement, and modulation of the Dpp 
gradient (Nybakken and Perrimon 2002; Princivalle and de Agostini 2002; Lin 2004; 
Hacker, Nybakken et al. 2005).  
Our group demonstrated that both Wg and Hh and many endogenous gpi-
linked proteins associate with Lipoprotein particles. This association is essential for 
long-range Hh and Wg signaling activity. The release of morphogens on a 
multivalent particle suggests the possibility that other particle-associated proteins 
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might regulate the signaling events of these molecules. Since gpi-linked proteins 
associate with Lipoprotein particles we investigated whether the gpi-modified 
proteins Dally and Dally-like play a role in morphogen-associated Lipoprotein 
function. 
 
 
1.1 Roles of morphogens in the development of Drosophila 
melanogaster 
1.1.1 Morphogens of the Drosophila wing imaginal disc 
 
Pattern formation of a developing organism and the maintenance of the 
structure of adult tissue requires communication between cells. During development 
cells differentiate within a tissue according to their spatial position. This can be 
established by interaction between neighboring cells or by signaling events 
controlled over long distances by morphogens. By definition, morphogens are 
signaling molecules that are secreted by a subset of cells within a tissue and are 
subsequently released into a field of adjacent cells in a graded distribution. Cells of 
the receiving tissue are provided with positional information by the concentration of 
the remaining ligand at different distances away from the source. As consequence 
cells close to the source activate different sets of target gene expression than cells 
away from the source. Concentration-dependent target gene activation is thereby 
translated into concrete steps and divides a tissue into fields of cells which express 
short-, mediate- and long-range target genes (Fig. 1) (Kerszberg and Wolpert 1998; 
Teleman, Strigini et al. 2001; Martinez Arias 2003).  
 
producing cells receiving cells
morphogen gradient
target gene x
target gene y
target gene z  
 
Figure 1: Morphogen model.  
Morphogens are produced and released by 
a subset of cells and spread into the 
adjacent non-expressing tissue. 
Morphogens provide the cells with 
positional information by forming a 
concentration gradient across a 
developmental field of cells. Above 
concrete concentration thresholds, 
different target genes are expressed at 
different distances from the source. 
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Drosophila melanogaster has been used as a favorable organism to study 
morphogens and gradient formation and has provided a basis for the understanding 
of many patterning processes. In the Drosophila larvae sac-like epithelial anlagen are 
invaginated from the ectoderm and these structures, called imaginal discs, will give 
rise to the adult exoskeleton. Imaginal discs of third instar larvae are subdivided into 
lineage restricted developmental compartments: anterior (A), posterior (P), along the 
A/P boundary, dorsal (d), ventral (v), and along the d/v boundary. This subdivision is 
maintained during development and determines the organization of the adult 
organism. Defects in processes during larval development are easily recognized in 
adult flies and manifest patterning defects specific to the signaling event that was 
misregulated in the early development(Brook, Diaz-Benjumea et al. 1996). 
Wing imaginal discs are patterned by morphogens, which act as 
developmental organizers and provide the tissue with positional information. Three 
proteins act as morphogens in the Drosophila wing imaginal disc: Wingless (Wg), 
Hedgehog (Hh), and Decapentaplegic (Dpp) (Fig. 2) (Nellen, Burke et al. 1996; 
Zecca, Basler et al. 1996; Neumann and Cohen 1997; Strigini and Cohen 1997). Wg 
is required to specify the pattern of the wing blade and the marginal structures. In the 
third instar larval stage Wg is produced from cells at the d/v boundary and spreads 
into the dorsal and ventral tissue of the imaginal disc. Wg activates target gene 
expression of genes like achaete scuete and nearalized at short distances and at 
longer distances promotes expression of genes such as vestigal or distalless. Hh is 
secreted by P compartment cells and released into A compartment cells inducing 
short-range target gene expression of engrailed, patched and collier and activates 
long-range target genes like iroquoi and dpp. Hh controls the induction of the third 
morphogen Dpp, which acts in the Drosphila wing imaginal disc. Dpp is expressed 
along the A/P compartment boundary and forms a gradient in both A and P 
compartment cells where it controls the gene expression of spalt, optomotorblind and 
brinker. Dpp along with Wg and Hh ultimately determines the size and pattern of the 
adult appendage. The exact specification of Dpp secreting cells in the central domain 
of the wing primordium is thus of importance for later developmental processes and 
is under tight control of Hedgehog. 
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adult wing
d
v
A P
 
Figure 2: Development of the Drosophila wing imaginal disc. The wing imaginal disc is divided 
into four compartments: dorsal (d), ventral (v), anterior (A) and posterior (P). The three morphogens, 
Wingless (Wg), Hedgehog (Hh) and Decapentaplegic (Dpp) are expressed along different axes of the 
wing imaginal disc and pattern the epithelium. Morphogens act as organizers throughout the 
development of the tissue. The structure of the adult wing is determined during larval development. 
 
 
1.1.2 Lipid-modifications of morphogens  
 
The proteins of the Hh and Wg/Wnt family are powerful signaling molecules 
controlling growth and patterning in certain tissue a range of different organisms at 
different developmental stages. Determining the molecular mechanisms that generate 
morphogen gradients is essential for our understanding of how signaling molecules 
elicit multiple responses in temporally and spatially specific processes. The 
mechanism, controlling the spread of Wg and Hh in a tissue is of special interest 
since both proteins are modified by covalent attachment of lipid moieties and are 
tightly associated with membranes (Ingham 2001; Willert, Brown et al. 2003). This 
raises the question how lipid-modified proteins with high membrane affinity can be 
released and travel through the tissue. 
It has been shown that mammalian Wnt3a is palmitoylated at a conserved 
cysteine residue (Cys77) (Willert, Brown et al. 2003). Evidence that Drosophila Wg 
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is also palmitoylated has come from genetic analysis of the gene porcupine (van den 
Heuvel, Klingensmith et al. 1993; Manoukian, Yoffe et al. 1995; Kadowaki, Wilder 
et al. 1996). Mutations in this gene cause similar phenotypes to those in wg alleles 
and the protein is required in Wg producing cells. Porcupine encodes a multi-
transmembrane protein of the endoplasmatic reticulum and has homology to O-
acyltransferases, indicating that it might facilitate Wg acylation (Hofmann 2000; 
Tanaka, Okabayashi et al. 2000; Tanaka, Kitagawa et al. 2002; Zhai, Chaturvedi et 
al. 2004). Furthermore, it has been reported that Drosophila Wg indeed undergoes a 
lipid modification. Lipidation occurs in the endoplasmic reticulum and is dependent 
on Porcupine function (Zhai, Chaturvedi et al. 2004).  
There is an intriguing parallel between Wg and Hh signaling in that Hh 
protein is also palmitoylated. Hh differs from Wg in that it undergoes two lipid 
modifications. Hh is synthesized as a precursor protein that undergoes a series of 
post-translational modification within the secretory pathway. Following cleavage of 
the N-terminal signaling peptide Hh undergoes autocatalytic cleavage between Gly 
and Cys residues within the conserved peptide sequence Gly-Cys-Phe (Lee, Ekker et 
al. 1994; Porter, von Kessler et al. 1995; Porter, Ekker et al. 1996). In the course of 
this cleavage reaction cholesterol is covalently linked to the N-terminal product. This 
reaction leads to the formation of a 25kDa C-terminal fragment and yields a 19kDa 
N-terminal fragment, which is the signaling-active component. As a second lipid 
modification of the Hh protein, a palmitoyl moiety is attached at the N-terminal 
cysteine after signal peptide cleavage. Acylation is mediated by the O-acyltranferases 
skinny hedgehog, also known as central missing or raspberry (Amanai and Jiang 
2001; Chamoun, Mann et al. 2001; Lee and Treisman 2001; Micchelli, The et al. 
2002). 
Double lipid modification is necessary to fully activate the Hh signaling 
molecule and is important for proper Hh distribution and signaling activity. The loss 
of cholesterol reduces the signaling activity of Sonic hedgehog (Shh) in vertebrates. 
Non-cholesterol modified Shh can only influence the cells next to the source of 
production (Porter, Ekker et al. 1996; Lewis, Dunn et al. 2001; Zeng, Goetz et al. 
2001; Chen, Li et al. 2004). In contrast, when Drosophila Hh lacking the cholesterol 
modification is expressed in wing imaginal discs, it is efficiently secreted and 
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extends dramatically the range of action (Burke, Nellen et al. 1999). This enhanced 
diffusion is not observed in the Drosophila embryo (Gallet, Rodriguez et al. 2003). 
To explain the discrepancy between these observations, it has been suggested that 
non-cholesterol modified Hh expressed in the squamous epithelial layer that covers 
the apical face of the columnar disc epithelium, can diffuse freely into the lumenal 
space between the two cell layers and can induce unrestricted target gene expression. 
The accumulation of non-cholesterol modified Hh, at the apical side of receiving 
cells, reaches the threshold necessary for dpp activation and wing disc outgrowth. 
This is clearly distinct from what happens when non-cholesterol modified Hh is 
expressed in the disc proper, where it is basally located and restricted in its range of 
activity. This data shows that cholesterol modification appears to be necessary to 
control planar movement of Hedgehog and its signaling activity (Gallet, Ruel et al. 
2006). Similar it has been shown that palmitoylation is required for effective Hh 
production and secretion, and that the lack of N-termial acetylation reduces signaling 
potential in both Drosophila and vertebrates (Porter, Young et al. 1996; Chamoun, 
Mann et al. 2001; Kohtz, Lee et al. 2001; Lee and Treisman 2001; Lewis, Dunn et al. 
2001; Gallet, Rodriguez et al. 2003; Chen, Li et al. 2004). 
 
palmitate cholesterol HSPGs
 
Figure 3: Lipid-modifications of Wingless and Hedgehog. Both Wingless and Hedgehog have high 
affinities for membranes. Wingless is modified by a palmitoyl moiety and Hedgehog bears two lipid-
modifications - a polmitoyl and a cholesterol moiety. The membrane affinity is further facilitated by 
interaction with heparan sulfate proteoglycans. 
 
Lipid modifications are important for proper signaling and distribution of the 
two morphogens Wg and Hh. Attachment of lipid moieties increases the 
hydrophobicity and promotes the incorporation of these proteins into the 
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exoplasmatic leaflet of the plasma membrane bilayer (Pepinsky, Zeng et al. 1998; 
Ingham 2001; Willert, Brown et al. 2003; Zhai, Chaturvedi et al. 2004). 
Palmitoylation can serve as a targeting signal that tethers proteins to specific 
organelles as well as to lipid rafts. Thus, lipid modifications appear to be important 
for the polarized secretion, distribution and signaling activity of morphogens. It is 
likely that these lipid modifications influence the mobility of morphogens or mediate 
interactions with other proteins such as Dispatched (Disp) and heparan sulfate 
proteoglycans (HSPGs) (Bellaiche, The et al. 1998; Burke, Nellen et al. 1999; The, 
Bellaiche et al. 1999; Torroja, Gorfinkiel et al. 2004).  
 
 
1.1.3 Lipid-linked morphogens associate with Lipopoprotein particles 
and are required for Wingless and Hedgehog signaling 
 
Lipidic modification of Hh and Wg are essential for normal trafficking and 
signaling activity. However, morphogens modified by covalent attachment of lipid 
moieties are tightly associated with membranes. The molecular mechanism by which 
lipid-modified proteins with high membrane affinity can be released and diffuse over 
long distances is not yet well understood. Our group has demonstrated that the lipid-
linked morphogens Wg and Hh can be released from the plasma membrane on 
Drosophila Lipoprotein particles, and that these particles can also bind a wide variety 
of gpi-linked proteins via their lipid anchors (Greco, Hannus et al. 2001; Panakova, 
Sprong et al. 2005; Eaton 2006).  
The main function of lipidic particles is to transfer endogenously synthesized 
or dietary lipids between the gut, liver and peripheral tissue. Lipids are hydrophobic 
molecules and thus insoluble in plasma. In order to provide tissues with nutrition, 
lipids are combined with specific plasma carrier proteins, called Apolipoproteins, 
which allow transport through the plasma. Lipidic particles consist of a surface 
monolayer of phosopholipids, cholesterol and Apolipoprotein, which is filled with 
triacylglycerol and cholesterol esters. Drosophila Lipoproteins consist of only one 
Apolipoprotein, called Lipophorin (Van der Horst 1990). The gene encoding 
lipophorin is a 3351-amino acid glycoprotein and is synthesized as proapolipoprotein 
precursor. This precursor is post-transcriptionally processed and cleaved into two 
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subunits Apolipoprotein I and II. Lipophorin particles are synthesized by fatbody 
cells, and function as a shuttle to transport lipids through the hemolymph and provide 
target organs with nutrition (van Heusden, van der Horst et al. 1991; van der Horst, 
van Hoof et al. 2002).  
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Figure 4: Lipidic paticles function as carrier for lipid-linked proteins. (A) Lipidic particles consist 
of a surface monolayer of phosopholipids, cholesterol, and Apolipoprotein that is filled with 
triacylglycerol and cholesterol esters. (B) Lipid-modified proteins of the exoplasmatic leaflet of 
membranes are incorporated into the phospholipid monolayer of lipidic particles. Lipoprotein particles 
bear gpi-linked proteins and lipid-modified morphogens like Hh, and Wg. 
 
Even though the primary function of Lipophorin particles is to transport lipids 
we have recently reported that lipid-modified proteins of the exoplasmatic leaflet of 
membranes like gpi-linked proteins, Hh and Wg are incorporated into the 
phospholipid monolayer of lipidic particles and thus describe a novel function for 
Lipoprotein particles. The morphogens Hh and Wg co-localize extensively with 
Lipophorin in endosomes of wing imaginal disc cells during larval development.  
Reducing Lipophorin levels in Drosophila larvae perturb long-range but not short-
range Hh and Wg signaling and increases the sequestration of Hedgehog by Patched. 
The data that Hh and Wg distribution is altered in Lipophorin RNAi discs suggests 
that Lipoprotein particles are required for the cell-to-cell movement of lipid-linked 
morphogens (Panakova, Sprong et al. 2005). A possible model is that Lipophorin 
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mobilizes the extraction of membrane-bound proteins and allows long-range 
movement of morphogens. Furthermore, morphogen trafficking or signaling might 
be influenced by cellular receptors for Lipophorin. A variety of different proteins are 
able to bind to Lipophorin particles; this raises the possibility that morphogen 
trafficking or signaling could be subject to additional regulation depending on the 
specific protein composition of these particles.   
 
 
1.2 Heparan sulfate proteoglycans 
 
Extracellular matrix proteins such as heparan sulfate proteoglycans (HSPGs) 
have been proposed to regulate the activity of heparin-binding growth factors. 
HSPGs are cell-surface and extracellular matrix proteins composed of a protein core 
to which heparan sulfate glycosaminoglycan (HS-GAG) chains are attached 
(Bernfield, Gotte et al. 1999; Perrimon and Bernfield 2000; Selleck 2000). GAGs 
have been implicated in several biological processes such as blood coagulation, 
tissue assembly, adhesion, mobility, virus transduction, cell growth and 
morphogenesis. Both Wg and Hh have high affinity to HSPGs, and genetic studies in 
Drosophila and vertebrates have demonstrated the important role of HSPGs in 
morphogen distribution and signaling activity of a variety of secreted signaling 
molecules. Thus studying the biosynthesis and biological role of HSPGs has become 
important to understand the mechanism by which secreted signaling molecules such 
as Wg and Hh are regulated in a morphogentic field (Nybakken and Perrimon 2002; 
Princivalle and de Agostini 2002; Lin 2004; Hacker, Nybakken et al. 2005).  
 
 
1.2.1 Identified heparan sulfate proteoglycans in vertebrates and 
Drosophila melanogaster 
 
Identified HSPGs in vertebrates include glypicans, syndecans, betaglycans, 
agrins, collagens and perlecans. HSPGs are classified in three families based on the 
structure of the core protein, namely the Glypicans, Syndecans, and other 
proteoglycans which are released into the extracellular matrix. Glypicans and 
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Syndecans are the only known cell surface proteoglycans, and are linked to the 
membrane by a glycosylphosphatidylinositol (gpi) anchor or respectively a 
transmembrane domain. Other HSPGs are secreted and released into the extracellular 
matrix (Fig. 5). All three families of HSPGs are evolutionarily conserved from 
vertebrates to Drosophila and C.elegans. The Drsophila genome encodes one 
syndecan, Dsyndecan, and two glypicans, dally and dally-like (Spring, Paine-
Saunders et al. 1994; Datta 1995; Nakato, Futch et al. 1995; Khare and Baumgartner 
2000; Baeg, Lin et al. 2001). Several extracellular matrix proteoglycans have been 
identified in Drosophila including one perlecan, terrible reduced optic lobes (trol), 
which is important for FGF signaling activity and causes cell-cycle arrest of 
neuroblasts in the larval brain, a proteoglycan called Papilin, which is important for 
muscle development, a HSPG called DROP1 and other putative HSPGs identified by 
the genome Drosophila project (Campbell, Fessler et al. 1987; Zackson, Graner et al. 
1993; Graner, Stupka et al. 1994; Kramerova, Kawaguchi et al. 2000). 
 
phospholipids
A B CGlypicans Syndegans released HSPGs
heparan sulfate side chains
chondroitin sulfate side chains
core protein
disulphide bond
gpi anchor
 
Figure 5: Classes of heparan sulfate proteoglycans. (A) The glypicans consist of disulfide-
stabilized globular core proteins that are linked to the plasma membrane with a gpi anchor. Heparan 
sulfate side chains are attached to serine residues adjacent to the plasma membrane. (B) Syndecan 
core proteins are transmembrane proteins that contain a highly conserved C-terminal cytoplasmic 
domain. Heparan sulfate side chains are attached to serine residues distal from the plasma membrane. 
Some syndecans also contain a chondroitin sulfate side chain(s) that attaches to a serine residue(s) 
near the membrane. (C) Other proteoglycans, which are secreted and carry heparan sulfate side chains. 
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1.2.2 Structure and biosynthesis of heparan sulfate proteoglycans 
 
Proteoglycans decorate the cell surface of most cells and the extracellular 
matrix. They consist of a core protein to which one or more glycosaminoglycan 
(GAG) chains are attached. GAG side chains are attached post-translationally to the 
core protein during their residence in the Golgi. The biosynthesis of proteoglycans is 
a three-step process involving initiation, polymerization and modification. GAG 
synthesis is initialized by the addition of four monosaccharides (Xyl-Gal-Gal-GlcA) 
to a conserved protein domain of the core protein with the peptide motif Ser-Gly-X-
Gly (Fransson, Silverberg et al. 1985). From this linker tetrasaccharide, the sugar 
chains are attached by alternating the addition of hexosamine and glucuronic acid 
(GlcA). The enzyme UPD-Glucose Dehydrogenase (UPD-Glc-DH) is necessary for 
the synthesis of UPD-GlcA, which is the primary sugar donor used for GAG 
biosynthesis (Hacker, Lin et al. 1997). The EXT gene family encodes for proteins 
involved in the elongation of the GAG chains by alternating addition of GlcNAc and 
GlcA (Stickens, Clines et al. 1996; Clines, Ashley et al. 1997; Wise, Clines et al. 
1997; Lin, Gan et al. 1998). As the chain is polymerized, it undergoes a series of 
modifications, including GlcNAc N-deacetylation and N-Sulfation, C5 epimerization 
of GlcA to IdoA (iduronic acid), and variable O-sulfation of several sugar units 
(Aikawa and Esko 1999; Lin and Perrimon 1999; Aikawa, Grobe et al. 2001; 
Kusche-Gullberg and Kjellen 2003). Heparan sulfates (HS) are the most commonly 
used GAGs for proteoglycan modification. HS consist of the attachment of the 
aminosugar N-acetyl-glucosamine (GlcNAc) whereas chondrotin sulfates (CS) use 
N-acetyl-galactosamine. Syndecans are modified with both HS and CS side chains. 
Glypicans and Perlecans exclusively bear HS-GAG side chains. (Bernfield, Gotte et 
al. 1999; Esko and Selleck 2002; Princivalle and de Agostini 2002). The majority of 
the structural diversity of HS chains is induced by sulfation. HS-GAG chains consist 
of about 100 or more sugar units and the degree of modification allows an enormous 
structural heterogeneity (Fig. 6).  
The various glycosyltransferases and modification enzymes involved in the 
synthesis process of HSPGs are conserved in Drosophila and vertebrates. Sugarless 
(sgl) encodes a gene homologuous to the vertebrate UPD-Glucose Dehydrogenase 
(UPD-Glc-DH). Three Drosophila genes tout-velu (ttv), brother of tout-velu (botv) 
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and sister of tout-velu (sotv) encode genes that belong to the EXT family and 
sulfateless (sfl), a member of the ndst gene family, encodes for a N-deacetylase/N-
Sulfotransferase and is involved in modifying HS chains (Hacker, Lin et al. 1997; 
Bellaiche, The et al. 1998; Lin and Perrimon 1999; Lin, Wei et al. 2000).  
 
 
 Figure 6: Heparan sulfate 
glycosaminoglycan chain biosynthesis. 
Heparan sulfate (HS) glycosaminoglycan 
(GAG) chains are synthesized in a three-
step process involving chain initiation, 
polymerization and modification. HS 
chain synthesis begins with the assembly 
of a linkage tetrasaccharide on serine 
residues in the core polypeptide chain. 
This process is catalyzed by four 
enzymes: Xyl transferase, Gal transferase 
I-II and GlcA transferase I. After the 
assembly of the linkage region, one or 
more -GlcNAc transferases add a single 
1,4-linked GlcNAc unit to the chain, 
which initiates the HS polymerization 
process. HS chain polymerization then 
takes place by the addition of alternating 
GlcA and GlcNAc residues, which is 
catalyzed by the EXT family proteins. As 
the chain polymerizes, it undergoes a 
series of modifications that include 
GlcNAc N-deacetylation and N-sulfation, 
C5 epimerization of GlcA to IdoA, and 
variable O-sulfation at C2 of IdoA and 
GlcA, at C6 of GlcNAc and GlcNS units, 
and, occasionally, at C3 of GlcN residues. 
The HS GAG chains are 100 or more sugar units long and have numerous structural heterogeneities. 
Four Drosophila enzymes, including Botv, Ttv, Sotv and Sfl, which are homologs of vertebrate 
EXTL3, EXT1, EXT2 and N-deacetylase/N-sulfotransferase, respectively, are highlighted in red. Gal, 
galactose; GlcNAc, N-acetylglucosamine; GlcA, glucuronic acid; GlcNS, N-sulfoglucosamine; IdoA, 
iduronic acid (from Lin, X. Development 2004;131:6009-6021). 
 
 
1.2.3 Heparan sulfate poteoglycans and their role in Drosophila pattern 
formation 
 
 The first Drosophila gene involved in HS biosynthesis showing a 
developmental phenotype was sugarless (sgl), the vertebrate homologue of the 
enzyme UPD-Glucose Dehydrogenase. Different studies have shown that sgl is 
involved in the patterning of the embryonic epidermis of Drosophila. Embryos 
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lacking both maternal and zygotic Sgl activity show a cuticle phenotype that is 
indistinguishable from loss of wg. Rescue of the sgl phenotype with both UPD-GlcA 
and HSPG demonstrated that the Sgl enzyme is crucial for the production of HS-
GAG chains. Furthermore, heparinase treatment of wild type embryos, which leads 
to the degradation of HS side chains, results in a wg-like cuticular phenotype (Binari, 
Staveley et al. 1997; Hacker, Lin et al. 1997; Haerry, Heslip et al. 1997; Tsuda, 
Kamimura et al. 1999; Khare and Baumgartner 2000). Interestingly, sgl mutants do 
not show a phenotype in other pathways, such as FGF and Hh signaling suggesting 
the involvement of other HS biosynthetic enzymes. 
Subsequently genes encoding enzymes or nucleotide sugar transporters 
involved in GAG biosynthesis were identified to affect segment polarity in the 
Drosophila embryo. Mutations in the genes sulfateless, tout-velu, fringe connected 
and slalom affect the patterning of the Drosophila embryonic dorsal epidermis in 
strikingly similar way to mutation in components of the Wg or Hh signaling 
transduction pathway (Hacker, Lin et al. 1997; Bellaiche, The et al. 1998; Lin and 
Perrimon 1999; Goto, Taniguchi et al. 2001; Selva, Hong et al. 2001; Luders, 
Segawa et al. 2003). The Wg and Hh pathway are required for the segmentation of 
the Drosophila embryo and regulate each other in a positive feedback loop, which 
makes it difficult to determine whether HSPGs are required for Wg or Hh activity in 
the embryonic epidermis. 
Conclusive evidence regarding the role of HSPGs come from studies in wing 
imaginal discs, where Hh and Wg function independently to pattern the 
anterior/posterior or the dorso/ventral development. Treatment of wing imaginal 
discs with heparinase I or III results in loss of Wg on the plasma membrane of 
producing cells and in surrounding tissue (Greco, Hannus et al. 2001). Consistent 
with this observation, extracellular Wg protein is lost in clones of cells defective in 
HS biogenesis. It has been shown that Wg target gene expression and extracellular 
Wg levels are reduced in slf mutant clones in Drosophila wing discs (Lin and 
Perrimon 1999). Similarly, analysis of clones that are mutant for sfl or sgl revealed 
that patched (ptc) expression is limited to cells that are directly adjacent to the Hh 
source. Moreover, Hh protein accumulates in front of HSPG-deficient cells, induced 
by cells mutant for enzymes involved in GAGs biosynthesis, suggesting a failure in 
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Hh movement and that GAGs are required to facilitate the spread of Hh morphogen 
throughout the epithelial tissue (Bellaiche, The et al. 1998; The, Bellaiche et al. 
1999; Han, Belenkaya et al. 2004).  
Three Drosophila genes tout-velu (ttv), brother of tout-velu (botv) and sister 
of tout-velu (sotv) encode genes that belong to the EXT family, which encodes for 
HS co-polymerases. Mutations in any of these genes impair HSPG synthesis. Ttv 
activity is selectively required for Hh signaling. Hh protein is unable to move 
through a field of cells mutant for ttv. Wg mediated processes were not affected in ttv 
embryos or larval imaginal discs (Bellaiche, The et al. 1998; The, Bellaiche et al. 
1999). Recent studies have shown that Hh and Dpp signaling, as well their 
morphogen distribution, are defective in cells mutant for ttv, sotv or botv. Wg 
signaling is only defective in ttv-sotv double mutants, suggesting that Ttv and Sotv 
are redundant in Wg signaling (Bornemann, Duncan et al. 2004; Han, Belenkaya et 
al. 2004; Takei, Ozawa et al. 2004). 
These data show that morphogens do not bind efficiently to cells that do not 
bear proteoglycans on their surface, and that this failure impedes the cell-to-cell 
movement of morphogens through the field of imaginal disc cells. HSPGs appear to 
control signaling pathways in various ways such as retention and stabilization of 
ligands, by transporting ligands and by facilitating ligand-receptor interactions. 
 
 
1.3 Glypicans 
1.3.1 Glypicans form a subclass of heparan sulfate proteoglycans 
 
The gpi-anchor targets glypicans to the extracellular leaflet of the plasma 
membrane facing the extracellular matrix. During the past years it has been clearly 
established that cell surface HSPGs are required for optimal activity of heparin-
binding growth factors such as FGFs, TGF, Wingless/Wnt and Hedgehog signaling 
molecules. Thus, glypicans have been implicated in the regulation of several 
transduction pathways that control cell proliferation and differentiation (Nybakken 
and Perrimon 2002; Lin 2004; Hacker, Nybakken et al. 2005). 
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Six members of this family, GPC1 to GPC6, have been identified in 
mammals, one member is known in C.elegans and two members dally and dally-like 
are encoded in the Drosophila genome. The degree of homology is moderate among 
glypicans, but the positions of 14 cysteine residues in the core protein are highly 
conserved, suggesting that the three-dimensional structure is very similar amongst all 
members. All glypicans display an N-terminal secretory signal sequence, which 
targets them through the secretory pathway to the plasma membrane, a core protein, 
GAG attachment site, and a conserved hydrophobic domain required for the addition 
of the gpi-anchor at the C-terminus with the pepdide motif Ser-Gly-X-Gly (De Cat 
and David 2001; Filmus 2001). The gpi anchor consists of a glycan core Man(a1-
2)Man(a1-6)Man(a1-4)GlcN that is linked to the 6-hydroxyl group of 
phospatidylinositol. The C-terminal of the glypican core protein is linked via 
phosphatidylehtanolamine to the first mannose unit. Acetylation of the inositol ring 
allows the tethering of the gpi-modified protein into the exoplasmatic leaflet of the 
plasma membrane (Ferguson 1999; Sharom and Lehto 2002).  
Gpi-linked proteins are targeted to the apical surface of polarized cells as well 
to basolateral membranes, which is most likely mediated by the glycan core of the 
protein (Lisanti, Caras et al. 1989; Mertens, Van der Schueren et al. 1996; Greco, 
Hannus et al. 2001). Glypicans are targeted to the apical membranes in Drosophila 
salivary glands. In Drosophila imaginal discs the distribution of glypicans is not 
restricted to the apical membrane as they are also observed at the basolateral plasma 
membranes (Greco, Hannus et al. 2001). Gpi-anchored proteins are well established 
components of lipid rafts, which are membrane domains rich in cholesterol and 
glycosphingolipids.  In fact the majority of the proteins associated with Drosophila 
lipid rafts are gpi-anchored (Rietveld, Neutz et al. 1999).  
Another shared characteristic among the glypicans is that the HS-GAG 
attachment site is located within the last 50 amino acids at the C-terminus, placing 
the chains close to the plasma membrane (Baeg, Lin et al. 2001; De Cat and David 
2001; Filmus 2001; Fransson 2003; Fransson, Belting et al. 2004). 
 23 
phospholipids
A Glypicans
heparan sulfate side chains
core protein
disulphide bond
gpi anchor
Se
r
G
ly
G
ly
X
X
X
X
- Xyl - Gal - Gal - GlcA - (GlcNAc - GlcA)
n
linker
heparan sulfate chains
intracellular
extracellular
Inositol
P
core protein
PMan
GlcN
ethanol-
amine
Man
Man
PI-PLC
 
B gpi-anchor
 
Figure 7: Structure of glypicans. (A) Glypicans are cell surface proteoglycans that are inserted into 
the extracellular leaflet of the plasma membrane. The core protein consists of a globular domain that 
is stabilized by several disulfide-bonds. HS chains are covalently bound via a sugar linker to serine 
residues of the Ser-Gly-X-Gly peptide motif in the polypeptide chain near the plasma membrane. The 
protein is inserted into the plasma membrane via a glycosylphosphatidylinositol (gpi) anchor. (B) The 
gpi anchor consists of a glycan core that is linked to phospatidylinositol. The C-terminal of the protein 
is linked via phosphatidylehtanolamine to the glycan core. Acetylation of the inositol ring allows to 
tether the gpi-modified protein into the exoplasmatic leaflet of the plasma membrane. 
  
 
 
1.3.2 Hereditary defects and cancer development linked to 
proteoglycans and glycosaminoglycan biosynthesis 
 
Mutations affecting the biosynthesis of HSPGs are linked to several human 
hereditary diseases. Mutation in GPC3, a member of the glypican family, is reported 
in human patients suffering from Simpson-Golabi-Behmel syndrom (SGBS). This X-
linked disorder is characterized by pre- and postnatal overgrowth and with high 
incidence of neoroblastomas and Wilms Tumor (Pilia, Hughes-Benzie et al. 1996; 
Pellegrini, Pilia et al. 1998; Weidle and Orstavik 1998; Lin, Neri et al. 1999; 
Veugelers, Cat et al. 2000; Filmus 2001; Filmus and Selleck 2001). Similar GPC3-
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deficient mice show several of the abnormalities found in SGBS, including 
developmental overgrowth and increased cell proliferation. This data suggests that 
GPC3 is a negative regulator of cell proliferation and it has been shown that GPC3 
can induce apoptosis in a cell-type specific manner (Gonzalez, Kaya et al. 1998; De 
Cat, Muyldermand et al. 2003). Consistent with clinical manifestations of SGBS, 
which include dysplastic kidney, studies have revealed that GPC3 is involved in 
BMP2, BMP7, and FGF7 signaling during kidney development (Grisaru, Cano-
Gauci et al. 2001). 
 Because of the ability of glypicans to regulate the activity of growth and 
survival factors, it is not surprising that changes in glypican expression are associated 
with tumor progression. GPC3 is down-regulated in ovarian cancer and 
mesothelioma cell lines consistent with its function as inhibitor of cell proliferation 
and its ability to induce apoptosis (Lin, Huber et al. 1999; Murthy, Shen et al. 2000). 
Interestingly, GPC3 expression is up-regulated in human hepatocellular carcinomas 
and colon cancer. Both tissues normally express this glypican in the embryo but not 
as adults (Hsu, Cheng et al. 1997). Depending on the tissue, GPC3 displays a very 
different expression pattern in tumors, suggesting that GPC3 regulates different 
growth and survival factors in a tissue specific manner. Another member of the 
glypican family, GPC1, is up-regulated in breast and pancreatic cancer cell lines and 
interacts with FGF2 and heparan-binding EGF-like growth factor leading to tumor 
progression (Kleeff, Ishiwata et al. 1998; Matsuda, Maruyama et al. 2001; Ding, 
Lopez-Burks et al. 2005). 
 In addition to glypicans, several enzymes involved in the biosynthesis of 
GAG chains have been implicated in diseases. The human Ext genes, a class of 
tumor suppressor genes, are required for adding monosaccharide units to the growing 
HS chain and were related to the pathology of multiple hereditary exostosis (HME), 
the most common form of human bone dysplasia. HME is an autosomal dominant 
disorder characterized by the formation of cartilage-capped tumors or exostoses that 
develop from the growth zone of endochondrial bone, which leads to skeletal 
abnormalities and malignant tumor transformation. Another GAG biosynthetic 
enzyme, galactosyltransferase, which is necessary for the generation of the linkage 
region between the core protein and HS chains, is mutated in patients suffering from 
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Ehlers-Danlos syndrome, which is a heterogeneous group of heritable connective 
tissue disorders, characterized by joint hypermobility, skin extensibility and tissue 
fragility (Ahn, Ludecke et al. 1995; Stickens and Evans 1997; Furukawa and 
Okajima 2002). 
  
 
1.3.3 Roles of Dally and Dally-like in the development of Drosophila 
 
Two glypicans are encoded in the Drosophila genome, dally and dally-like, 
and a combination of genetic and molecular studies has revealed important 
knowledge of their function in development. Dally was identified in a genetic screen 
for mutations involved in cell division in the development of the visual system of the 
central nervous system. Dally stands for division abnormally delayed, and as the 
name implies, mutants show a failure of cell cycle progression for specific sets of 
dividing cells in the eye and developing brain (Nakato, Futch et al. 1995). After the 
release of the Drosophila genome project, a second glypican, Dally-like, was 
identified based on sequence homology between Dally and Dally-like. Since then 
studies have established the roles of these two glypicans in Dpp, Wg and Hh 
signaling (Jackson, Nakato et al. 1997; Tsuda, Kamimura et al. 1999; Khare and 
Baumgartner 2000; Baeg, Lin et al. 2001; Desbordes and Sanson 2003; Fujise, Takeo 
et al. 2003). 
Dally mutants exhibit various dpp-like patterning defects and these defects 
show genetic interactions with the Dpp signaling pathway (Jackson, Nakato et al. 
1997). Ectopic expression of dally results in enhanced Dpp signaling in wing 
imaginal discs and discs mutant for dally show a steeper Dpp gradient formation, 
suggesting a positive role of dally in this pathway (Fujise, Takeo et al. 2003). Recent 
data suggest that dally and dally-like are partially redundant in Dpp signaling as 
removal of both glypicans show stronger defects than those seen in either dally or 
dally-like mutants (Belenkaya, Han et al. 2004). Consistent with the involvement of 
Dally and Dally-like in Dpp signaling, Dpp signaling is reduced in cells deficient for 
HSPG biosynthesis such as Ext or slf mutants (Belenkaya, Han et al. 2004; 
Bornemann, Duncan et al. 2004; Han, Belenkaya et al. 2004; Takei, Ozawa et al. 
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2004). The data suggests that HSPGs are important to modulate Dpp levels and 
gradient formation in wing imaginal discs. 
How are Dally and Dally-like implicated in Hh and Wg signaling? Disruption 
of Dally function, by mutations in the locus of dally or by RNA interference (RNAi)-
mediated knockdown results in weak segmentation polarity defects, suggesting that 
Dally may be required for Wg signaling in the Drosophila epidermis (Lin and 
Perrimon 1999; Tsuda, Kamimura et al. 1999). However, cuticle defects displayed by 
dally mutants or dally RNAi are relatively weak compared to the patterning defects 
observed in sgl or sfl mutants. Other studies have demonstrated that dally-like RNAi 
in the embryo shows stronger cuticle phenotypes than disruption of dally, and the 
combination of dally - dally-like RNAi show more severe segmentation defects than 
either alone (Baeg, Lin et al. 2001). Based on these data it has been suggested that 
dally and dally-like are required for Wg signaling. Recent studies, however, suggest 
that dally and dally-like like are not necessary for Wg signaling in embryonic 
patterning. Very weak denticle fusions were observed using dally-RNAi, which are 
similar to those seen in control embryos injected with buffer. Furthermore, the dally - 
dally-like RNAi phenotype can be rescued by ectopic expression of wg, and results in 
engrailed target gene expression. In contrast, expression of hh in dally-like RNAi 
fails to rescue wg expression, which is dependent on Hh signaling in the embryo 
(Desbordes and Sanson 2003). These data suggest that neither dally nor dally-like are 
required for Wg signaling and that dally-like is strictly required for Hh signaling in 
the embryonic epidermis. 
Relatively clear evidence for dally and dally-like function in Wg signaling is 
provided by studies of the wing imaginal disc where Hh and Wg function 
independently from each other in development. Dally mutants exhibit wing margin 
defects and show genetic interactions with Wg signaling components such as its 
receptor Frizzled, suggesting that dally is required for Wg in the wing imaginal disc. 
Overexpression of dally-like, but not dally dramatically increases extracellular Wg 
(Lin and Perrimon 1999; Baeg, Selva et al. 2004). However, overexpression of dally-
like reduces rather than enhances Wg signaling. Recent studies have suggested that 
Dally-like is important for the long-range dispersal of Wg, since gradient formation 
in dally-like mutant discs is impaired and shows a narrower and steeper profile. The 
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alteration of Wg distribution is reflected by the observation that short-range signaling 
is enhanced whereas long-range signaling is reduced in dally-like mutants wing discs 
(Kirkpatrick, Dimitroff et al. 2004; Franch-Marro, Marchand et al. 2005). In contrast, 
Dally appears to be important for short-range Wg signaling suggesting that these two 
proteins function by different mechanisms (Han, Yan et al. 2005). This difference is 
reflected by the expression pattern of dally and dally-like in wing imaginal discs. 
Dally expression is elevated at the d/v boundary whereas dally-like expression is 
reduced near the boundary. 
In wing imaginal discs, both dally and dally-like are functionally redundant in 
Hh signaling. Examination of dally – dally-like mutant clones in wing imaginal discs 
revealed that target gene expression of patched and collier was reduced and 
engrailed expression was eliminated in clones. Neither clones of dally nor dally-like 
alone affect Hh target gene expression. It was further shown, that a narrow stripe of 
sfl or ttv mutant cells is sufficient to accumulate the Hh protein in anterior wild type 
cells, suggesting that Hh fails to move through HSPG-deficient cells. Based on this 
observation it has been suggested that Hh movement is mediated by restrictive 
diffusion involving Dally and Dally-like and is required for stabilization of Hh on the 
cell membrane and for the transfer of Hh from cell-to-cell (Han, Belenkaya et al. 
2004). 
Taken together these data show that glypicans are involved in the gradient 
formation, ligand dispersal and signal transduction of Hh and Wg signaling. 
However, the effects of disruption of dally and dally-like function are much milder 
than those observed by blocking HSPG biosynthesis, suggesting the involvement of 
other HSPGs in the regulation of morphogen signaling and distribution or that the 
core protein of glypicans regulates some functional aspects independent of HS 
modification. 
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1.4 Models of glypican and heparan sulfate proteoglycan 
regulation of developmental signaling 
 
Experiments in cell tissue cultures have shown that HSPGs are required for 
optimal signaling of FGF through its receptor, whereas in the case of Hh and Wg 
signaling in Drosophila it appears that HSPGs are primarily involved in the transport 
and diffusion of the lipid-linked signaling molecules away from the source. Clearly, 
it has been shown that HSPGs are important extracellular modulators of protein 
gradient formation and signal transduction, but it is not clear how HS might mediate 
these functions. Several models can account for modulation of signaling molecules 
by HSPGs.  Regulation of signaling transduction could be mediated by dimerization 
of the receptors or stabilization of ligand-receptor complexes, whereas the spread of 
morphogens might be regulated by retaining signaling molecules in the plane of the 
tissue, restrictive diffusion, active transport of signaling molecules by HSPGs, 
regulation of endocytotic events, modulation of lipidic particle transport of lipid-
linked morphogens or shedding of membrane associated HSPGs (Nybakken and 
Perrimon 2002; Lin 2004; Hacker, Nybakken et al. 2005; Eaton 2006). 
 
 
1.4.1 Roles of heparan sulfate proteoglycans in signal transduction 
 
FGF signaling is mediated upon binding of the FGF ligands to its receptors 
(FGFRs) and subsequent dimerization of those. Biochemical studies have provided 
evidence that HSPGs participate in FGF signaling by direct interaction with FGFs 
and their receptors in a ternary complex on the cell surface. Although FGFs can bind 
to the FGFRs in absence of HSPGs the signaling capacity is maximized by the 
presence of HSPGs (Steinfeld, Van Den Berghe et al. 1996; Ornitz 2000; Pellegrini 
2001; Zhang, Coomans et al. 2001; Ding, Lopez-Burks et al. 2005). More evidence 
for direct interaction in a multicomponent ligand/receptor complex was shown by 
crystallographic studies. FGF bound to its receptor and HS indicated that FGF 
ligands do not bind each other rather are bridged by HS to form an active complex 
with FGFRs. Dimerization of the ligand is known to be required for signaling by 
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FGFs and other ligands of receptor tyrosine kinases. Thus HS-induced dimerization 
and activation of the ligand/receptor complex would be necessary for maximal 
signaling activity (Pellegrini, Burke et al. 2000; Schlessinger, Plotnikov et al. 2000). 
This model would not apply for ligands, which are not known to dimerize, but HS 
interaction could change the confirmation of these signaling molecules to potentate 
ligand/receptor interactions. For example it has been shown, that changes in the 
confirmation of the clotting factor antithrombin III is induced by binding to HS and 
enhances the protein-protein interactions between antithrombin III and thrombin 
(Abildgaard, Lindahl et al. 1991; Stringer and Gallagher 1997; Mammen 1999). 
Alternatively, dimerization and ligand presentation to receptors might not 
require HS, but they might rather be important for stabilization of ligand/recepor 
complexes. FGF, for example, has been shown to bind to its receptor in the absence 
of HS, although dimerization is abolished in this case and signaling is not fully active 
(Pellegrini, Burke et al. 2000; Schlessinger, Plotnikov et al. 2000). In this model 
binding of HS to the ligand and/or receptor would stabilize the interaction and 
potentiate signaling. This model would also apply for ligands, which do not form 
dimers in order to signal. Glypicans are proposed to act as a co-receptor that directly 
facilitates the formation of ligand/receptor complexes. In tissue culture experiments, 
Dally-like functions cell-autonomously upstream or at the level of Patched (Ptc) to 
activate expression of a Hh responsive reporter construct, indicating that Dally-like 
might mediate interaction between Hh and its receptor Ptc (Lum, Yao et al. 2003). 
Furthermore, ectopic expression of Hh fails to rescue defects in dally-like RNAi 
embryos suggesting that Dally-like might act as co-receptor for Hh signaling in the 
embryo (Desbordes and Sanson 2003). It also has been proposed in Wg signaling 
that glypicans act as co-receptor that directly facilitate complex-formation between 
ligand and receptor. 
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***  
Figure 8: HSPGs involved in signal transduction. (A) Dimerization of the ligand. Many signaling 
ligands dimerize or oligomerize to efficiently activate signaling. HSPGs may be required for 
dimerization or oligomerization of the ligands and the presentation of these oligomers to their 
signaling receptors. (B) Receptor/ligand stabilization. HSPGs may not be required for ligand 
dimerization, but rather to stabilize the ligand/receptor signaling complex in order to potentiate 
maximal signaling activity. The green, single-pass transmembrane molecules represent individual, 
dimerizing receptors such as tyrosine kinase receptors. The black, multiple pass transmembrane 
proteins represent non-dimerizing receptors. Ligands are depicted in pink or orange. HSPG core 
proteins are marked in blue, HS chains in green and the gpi-anchor in dark red. Activation of signaling 
is represented by a red arrow and an asterisk (adapted from (Nybakken and Perrimon 2002). 
  
 
1.4.2 Roles of heparan sulfate proteoglycans in dispersal of signaling 
molecules 
 
Morphogens do not bind efficiently to cells that do not bear glypicans on their 
surface, and this failure impedes the cell-to-cell movement of morphogens through a 
field of epithelial cells.  It has been proposed that HSPGs might limit the diffusion of 
ligands in a two-dimensional space to retain the protein in the plane of the epithelium 
thereby stabilizing morphogen proteins and preventing them from being degraded. 
HSPGs would help to transfer signaling molecules by weak binding of HS-associated 
ligands and passing them form cell-to-cell. Ligand/receptor interactions would occur 
at random in this model and diffusion restricted to the plane would maintain the local 
morphogen concentration that is available to bind to its receptor. This model predicts 
that morphogens do not travel over long distances in the absence of HSPGs. Indeed 
the Wg morphogen gradient formation is impaired in wing imaginal discs lacking 
Dally-like function. Howerver, the model cannot account for the observation that 
overexpression of dally-like trapped Wg at the cell surface and retarded its 
movement. Dally-like promotes the long-range spread of extracellular Wg, at least in 
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part by antagonizing its endocytosis and degradation (Kirkpatrick, Dimitroff et al. 
2004; Franch-Marro, Marchand et al. 2005; Marois, Mahmoud et al. 2006).  
Mutations which block the synthesis of HS prevent the accumulation of Wg 
and Hh in both producing and receiving tissue. In producing tissue, this could simply 
reflect the necessity of HSPGs to stabilize these proteins. However, in receiving 
tissue the signaling molecules not only fail to cross mutant tissue, but in addition 
accumulate in front of cells deficient for HS. This strongly suggests that receiving 
cells missing HS cannot acquire morphogens from their neighboring cells and that 
the transfer of morphogens from cell-to-cell is a active process involving HSPGs. 
Ligand-associated HSPGs could actually move morphogens between cells 
(Bellaiche, The et al. 1998; The, Bellaiche et al. 1999; Bornemann, Duncan et al. 
2004; Han, Belenkaya et al. 2004; Han, Belenkaya et al. 2004; Takei, Ozawa et al. 
2004). It has been demonstrated that glypicans can transfer between membranes with 
their gpi-anchor intact. Gpi-linked proteins are components of lipid rafts. The 
specific protein and lipid composition of these microdomains has been demonstrated 
to be important for the sorting of membrane proteins and has been implicated in the 
process of moving proteins between cells (Kooyman, Byrne et al. 1995; 
Ilangumaran, Robinson et al. 1996; Sharom and Lehto 2002).  
Another possibility is that normally membrane bound morphogens are 
targeted to lipidic particles facilitating the spread of these signaling molecules. Our 
group showed that lipid-linked morphogens associate with Lipoprotein in vivo. 
Reduced levels of Lipophorin leads to the accumulation of Hh protein in receiving 
cells near the cells of production, and reduces extracellular Wg protein levels. 
Lipoprotein particles thus might mobilize the extraction of membrane-bound proteins 
and allow long-range movement of lipid-linked morphogens. Furthermore, 
morphogen trafficking or signaling might be influenced by cellular receptors for 
Lipophorin.  
A variety of LDL receptor related proteins (LRPs) have been implicated in 
Wg and Hh signaling. Vertebrate LRP5 and LRP6 and their Drosophila homologue, 
Arrow, are required for Wnt/Wg signaling. Analyses of Arrow function have shown 
that Arrow acts as a co-receptor for the Wg ligand and its activity is required for 
receiving cells to transduce the Wg signal (Tamai, Semenov et al. 2000; Wehrli, 
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Dougan et al. 2000).  In vertebrates, LRP1 interacts with Frizzled receptors, and 
negatively affects Wnt signaling (Ziberberg, Yaniv et al. 2004). Another member of 
the LRP family, Megalin, has been implicated in Hedgehog endocytosis. It has been 
shown that Shh binds to Megalin with high affinity and that Megalin efficiently 
edocytoses Shh ligand (McCarthy, Barth et al. 2002).  It will be interesting to 
investigate whether these receptors interact specifically with the lipoprotein-
associated forms of Wg/Wnts and Hh ligands. 
A variety of gpi-linked proteins were also found to co-fractionate with 
Lipophorin. The release of morphogens on a multivalent particle suggests the 
possibility that other Lipoprotein-associated proteins might regulate trafficking of 
these signaling molecules. Gpi-linked proteins like the glypicans Dally and Dally-
like with their demonstrated roles in both Wg and Hh signaling would be good 
candidates for such regulatory molecules.  
 
*
A Btwo-dimensianal diffusion active cell-to-cell transport
*
*
C lipoprotein-associated morphogens
 
Figure 9: HSPGs involved in the dispersal of signaling molecules. (A) Two-dimensional diffusion. 
HSPGs might regulate the distribution of ligands by binding to the signaling molecules and allowing 
them to slide along the HS chains. This limits the ligand distribution to the plane of the epithelium. 
(B) Active cell-to-cell transport. HSPGs might be required for active transport of signaling molecules 
away from the producing cells. The ligand-bound HSPGs could actually move between cells, or one 
HSPG might pass the bound ligand to another HSPG on the adjacent cell. Once localized to the 
adjacent cell, the signaling molecule can then bind to its receptor and activate signaling. (D) 
Lipoprotein-associated transport of morphogens. Lipid-linked morphogens and regulatory proteins 
might associate with lipoprotein particles, which function as a carrier to transport the morphogen 
through the tissue. The signaling molecules bound to Lipoprotein particles can then fuse with its 
receptors to activate signaling. The black, multiple pass transmembrane proteins represent non-
dimerizing receptors. Ligands are depicted in pink. HSPG core proteins are marked in blue, HS side 
chains in green and the gpi-anchor in dark red. Activation of signaling is represented by a red arrow 
and an asterisk (adapted from (Nybakken and Perrimon 2002). 
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1.4.3 Gpi-linked proteins are released from the plasma membrane 
 
The release of membrane bound HSPGs would account for a more general 
model in which HSPGs are required for the transport of signaling molecules to their 
sites of action. It has been shown that Syndecans can be shed from the cell surface by 
metalloproteinases regulating FGF signaling (Bernfield, Gotte et al. 1999; Ding, 
Lopez-Burks et al. 2005). Thus HSPGs could diffuse away from their cell of origin 
in a ligand bound state. Gpi-linked molecules differ from transmembrane proteins in 
cell-surface distribution and lateral mobility. Gpi-anchored proteins localize to raft 
membrane domains rich in glycolipids, sphingolipids and cholesterol and are inserted 
into the expoplamsmatic leaflet of the plasma membrane. This raises the possibility 
that gpi-anchored proteins could detach from the host membrane and reintegrate into 
another.  
Several studies have reported this ability in vitro and in vivo (Ilangumaran, 
Robinson et al. 1996). Purified gpi-anchored proteins insert into cell membranes and 
are fully functional when added in vitro (Medof, Nagarajan et al. 1996). In addition, 
transfer of gpi-linked proteins between cells has also been documented in vivo. Human 
CD55 and CD59 specifically expressed on mouse erythrocytes were transferred to 
other membranes and could be detected on the surface of vascular endothelial cells 
(Kooyman, Byrne et al. 1995). Gpi-linked surface glycoproteins from Trypanosoma 
cruzi are shed into the culture medium on plasma vesicles and other reports have shown 
that a number of gpi-linked proteins can be released on exosomes (Goncalves, 
Umezawa et al. 1991; Rabesandratana, Toutant et al. 1998; Fevrier and Raposo 2004). 
Gpi-linked proteins can also be released from membranes in their soluble form without 
the gpi moiety. Trypanosoma brucei successfully invades the host immune system by 
cleaving off the old coat of VSG (variant surface glycoprotein) with a gpi-specific 
enzyme (phosphatidylinositol-phospholipase C) and replaces glycoprotein coat with 
new antigenic variants (Sharom and Lehto 2002). 
It appears to be a common feature of gpi-anchored proteins that they are 
released from the membranes of their producing cells. They are released with their 
gpi-anchor intact on plasma lipid carriers or exosomes or can be shed from 
membranes without their gpi-anchor by phospholipases, metalloproteases and 
hydrolases. 
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Figure 10: Models for the transfer of 
gpi-linked proteins. Gpi-linked proteins 
from donor membranes can flip over to 
acceptor plasma membranes at cell-cell 
contact points. Lipid-carrier proteins can 
transfer gpi-anchored proteins from and to 
plasma membranes through interaction 
with specific cell surface receptors. Gpi-
linked proteins can be released from the 
plasma membrane into the extracellular 
space by various enzymes, such as 
hydrolases, proteases or phospholipases. 
Removal of the gpi-anchor is mediated by 
phospholipases. Plasma membrane 
vesicles, such as exosomes, exchange gpi-
linked proteins with acceptor cell 
membranes and undergo internalization 
and recycling to the cell surface (adapted 
from (Ilangumaran, Robinson et al. 1996). 
 
 
1.4.4 The glypican Dally-like is released from membranes 
 
The glypicans, Dally and Dally-like, localize to the extracellular leaflet of the 
plasma membrane. Dally and Dally-like have been proposed to act as a low affinity 
co-receptor to increase the local ligand concentration, to restrict morphogen 
movement or to regulate the membrane affinity and stability of signaling molecules. 
All of these models have in common that these functions of Dally and Dally-like are 
likely to be exerted cell-autonomously on the cell membrane. It has recently been 
shown that at least Dally-like is released from the plasma membrane - a process that 
is promoted by the enzyme Notum.  Notum encodes for an enzyme of the /  
hydrolase family whose function is to cleave Dally-liked at the level of the gpi-
anchor. Notum can cleave Dally-like expressed in S2 cells in vitro and releases the 
protein into the supernatant.  In imaginal discs, Notum reduces the ability of Dally-
like to stabilize Wingless in the disc epithelium and inhibits short-range Wingless 
signaling (Gerlitz and Basler 2002; Giraldez, Copley et al. 2002; Kirkpatrick, 
Dimitroff et al. 2004; Kreuger, Perez et al. 2004). It is not known whether glypicans 
have additional roles in signaling after their release from the plasma membrane or if 
shedding simply functions to lower glypican concentration on the plasma membrane 
thereby antagonizing morphogen stabilization. A non-autonomous role of the 
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glypican would be difficult to assess by clonal analysis since released glypican 
produced by wild type tissue could mask the effect. 
Other gpi-anchored proteins can be released from cell membranes by 
associating with Lipoprotein via their lipid anchors.  This mechanism might also 
promote release of glypicans from the plasma membrane - in this case with their lipid 
anchors intact.  It is not yet clear to what extent Dally or Dally-like is released from 
the membrane by Lipophorin association or by gpi removal in vivo.   
 
 
1.5 Scope of the thesis 
 
Recent studies have mainly investigated the role of Dally and Dally-like by 
disruption of the function of these proteins by RNAi or clonal analysis in a cell-
autonomous manner. We asked whether soluble forms of the glypicans might occur 
in imaginal discs, and if so, how they might affect morphogen signaling and 
trafficking.  I investigated the processing, biochemical fractionation and localization 
of both Dally and Dally-like in wing imaginal discs and performed genetic analyses 
to distinguish non-autonomous and autonomous functions of these proteins. Our data 
suggests that Dally acts non-autonomously over distance. I could demonstrate that 
Dally and Dally like are released from cells both with the gpi-anchor intact and by 
removal of the gpi-anchor. Thus, Lipophorin association may allow morphogen 
signaling to be regulated by other particle-associated proteins. I further investigated 
the role of released Dally and its effect on signaling events.  
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2    RESULTS 
 
2.1 Processing, biochemical fractionation and localization of 
Dally and Dally-like 
 
2.1.1 Dally and Dally-like are present in multiple forms in imaginal 
discs 
 
We constructed N-terminal GFP fusions of both Dally and Dally-like to study 
their localization and fractionation in imaginal disc epithelia.  Laser scanning 
confocal microscopy revealed that both Dally and Dally-like are present on the 
plasma membrane of producing cells in agreement with their gpi-anchor linkage 
(Fig. 11A,B,E,F). To ask whether these proteins are released from the plasma 
membrane we monitored their distribution in tissue adjacent to producing cells. 
Surprisingly, Dally but not Dally-like is observed in non-expressing tissue and 
spreads away from producing cells (Fig. 11G,H). In addition, GFP:Dally is released 
apically and accumulates in the lumen between the columnar disc epithelium and the 
peripodial membrane (Fig. 11A asterisk).  
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FM4-64 
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Figure 11: Subcellular localization of the glypicans Dally and Dally-like in vivo.  
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The gpi-anchor modification might target Dally onto Lipoprotein particles 
and release it from the cell membrane. To address the question if Dally or Dally-like 
is released from producing cells by association with Lipoprotein particles or via 
cleavage by lipases or proteases the mobility of these constructs was tested on SDS-
PAGE. 
Disc extracts from larvae expressing GFP:Dally or GFP:Dally-like show that 
the proteins migrate in a broad band of higher molecular weights than predicted as 
expected for HS-modified proteins (arrowhead in Fig. 12A). In reducing agent both 
GFP:Dally and GFP:Dally-like show an additional band of higher mobility, which is 
not observed under non-reducing conditions. This revealed that the proteins are 
present in a full-length form and that a fraction undergoes proteolytic cleavage but 
the products remain associated via disulfide bonds (asterisk in Fig. 12A). In addition, 
GFP:Dally is cleaved at another residue, which yields a N-terminal fragment 
containing the cysteine-rich domain (double asterisks in Fig. 12A). The N-terminal 
fragment of GFP:Dally does not appear to remain associated with the rest of the 
protein. 
In summary, these results suggest that Dally and Dally-like are present in 
multiple forms in imaginal discs. GFP:Dally is present in a full-length form, a 
cleaved but disulfide-bonded form and a N-terminal fragment. GFP:Dally-like is 
observed in a full-length form and a cleaved form that remains attached to the rest of 
the protein via disulfide bonds (Fig. 12A). Furthermore, the data suggests that Dally 
is processed to a lesser degree than Dally-like. A majority of the Dally protein occurs 
in its full-length form, whereas Dally-like is abundant in its processed form. 
 
 
Figure 11: Subcellular localization of the glypicans Dally and Dally-like in vivo. A) Schamatic 
drawing of a transversal section of a wing imaginal disc. B-E) A living wing disc expressing 
CFP:Dally and YFP:Dally-like in the dorsal compartment of the wing imaginal disc under the control 
of apGal4. (B) CFP:Dally localizes at the plasma membrane of the producing cells and is released 
into the apical lumen (asterisk). C) YFP:Dally-like is observed at the plasma membrane of the 
producing cells. (D) Plasma membrane is stained with the vital dye FM4-64. E) Merge of A, B and C. 
F-G) Wing imaginal discs expressing either GFP:Dally or GFP:Dally-like under the control of 
apGal4. F) xz-section of a wing disc expressing GFP:Dally. GFP:Dally is present on the baslolateral 
membrane of the producing cells. G) xz-section of cells expressing GFP:Dally-like. GFP:Dally-like 
localizes at the basolateral of the producing cells. H) GFP:Dally is released into adjacent non-
expressing tissue and is observed outside of its region of expression. I) GFP:Dally-like is not 
observed outside its region of expression. 
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2.1.2 Dally and Dally-like are released in association with lipidic 
particles, by proteolysis and by removal of the gpi-anchor 
 
 The imaging data suggests that Dally is released from producing cells. 
Although, we cannot observe Dally-like outside of producing cells by imaging with 
fluorescence confocal microscopy, we know from literature that Dally-like can be 
cleaved from the plasma membrane and is asubstrate of Notum. Notum acts by 
releasing Dally-like from the membrane by cleaving the protein at the level of the 
gpi-anchor. To ask what fraction and which forms of Dally and Dally-like were 
membrane associated respectively released from membranes we performed 
differential centrifugation on wing disc extracts. 
Under conditions which pellet all membrane proteins (P120) and allow 
separation of the released soluble fraction (S120) we observed that the majority of 
the protein is membrane associated and pellets at 120,000g. However, significant 
fractions of the full-length form as well the processed forms of Dally and Dally-like 
are released and present in the S120. Approximately 10% of Dally and 20% of Dally-
like fail to pellet at 120,000g. Spinning at 120,000g for 3h completely pellets 
membrane proteins such as GFP:CD63 (Fig. 12B). 
 It is possible that Dally and Dally-like interact with Lipoprotein particles and 
thus are released from the plasma membrane with their gpi-anchor intact. 
Alternatively, the release of these proteins could occur by removal of the gpi-anchor 
attachment. To determine which is the case we examined the supernatant (S120) 
containing the released proteins by isopycnic KBr density centrifugation and asked if 
Dally and Dally-like co-fractionate with low-density particles. 
Dally full-length and the cleaved but disulfide-bonded form of Dally are 
present in the low-density fraction and co-fractionate with Lipophorin (Fig 12C 
arrowheads). As it would be predicted a proteolyticaly processed form should 
fractionate with high density. Indeed, the N-terminal cleavage product is found 
exclusively in high-density fractions (Fig. 12C double asterisks). However, a 
significant fraction of the full-length and the cleaved but disulfide-bonded from is as 
well targeted to higher density fractions. 
The processed form of Dally-like co-fractionates with Lipophorin in the low-
density fraction (Fig. 12C arrow). However, we never observed the full-length form 
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of the protein in this fraction. Full-length Dally-like and the processed form are 
observed in higher density fractions which is similar to the fractionation behavior of 
Dally (Fig. 12C). 
Both Dally and Dally-like are present in the low-density fraction as well as in 
higher density fractions, which contain soluble proteins. This result suggests that 
glypicans are released by association with Lipoprotein particles and can be released 
by proteolysis or removal of the gpi-anchor. 
 
 
 
2.1.3 Dally is released from the plasma membrane by removal of the 
gpi-anchor 
 
 A significant fraction of the full-length and the processed form of Dally were 
present in the high-density fractions and behave like soluble proteins. Approximately 
ten times as much protein is observed in high-density fractions as compared to the 
Lipoprotein-associated forms. Dally present in the high-density fractions migrates 
with a slightly higher mobility, suggesting that this form might have lost its lipid 
anchorage. 
To see if this form reflects the loss of the gpi-anchor, we applied 
phosphatidylinsoitol phospholipase C (PI-PLC) treatment to homogenates of larval 
disc extracts expressing GFP:Dally and examined its migratory behavior on SDS-
PAGE. Removal of the gpi-anchor with PI-PLC caused a shift of the full-length 
proteins to higher mobility, suggesting that Dally in the soluble fraction might 
represent a form without gpi-anchor (Fig. 12E). Consistent with this data, treatment 
of the S120 with PI-PLC prior to isopycnic density centrifugation shifted all forms of 
the protein to high-density fractions (Fig. 12D). 
To further confirm this data we performed Triton X-114 phase separation 
from disc homogenates to separate hydrophilic proteins in the aqueous phase and 
integral membrane proteins with an amphiphilic nature in the detergent phase. 
Homogenates of larvae expressing GFP:Dally were tested to see whether Dally is 
present in the aqueous or the detergent phase. The N-terminal cleavage product is 
detected primarily in the aqueous phase (Fig. 12F double asterisks), whereas the full-
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length from was present in both aqueous and detergent phases. The fraction of 
GFP:Dally protein present in the aqueous phase was of higher mobility than that of 
the detergent phase (Fig. 12F arrowhead). In agreement with the effects upon PI-PLC 
treatment, this data shows that Dally is present in both gpi-anchored and non-gpi-
anchored forms in imaginal discs. 
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Figure 12: Dally and Dally-like are present in multiple forms in imaginal discs.  
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2.1.4 Mutant forms of Dally and how they fractionate 
 
Transgenic flies expressing mutated forms of Dally were generated to study 
the function of the different protein domains. Mutations in dally were induced at the 
gpi-anchor attachment site (GFP:Dallygpi) or at multiple heparan sulfate 
attachment sites (GFP:DallyHS). These constructs were analyzed with respect to 
their membrane association and fractionation with Lipophorin.  
Probing Western blots of larval discs extract expressing either 
GFP:DallyHS or GFP:Dallygpi showed that the different forms migrate as 
expected compared to larvae expressing GFP:Dally. The full-length form of 
GFP:DallyHS migrates at its predicted size with higher mobility than the wild type 
form of Dally, due to the lack of heparan sulfate modification. The full-length form 
of GFP:Dallygpi, which is still modified with heparan sulfate side chains but lacks 
the gpi-anchor, runs at an intermediate mobility compared to GFP:DallyHS and 
GFP:Dally. Consistent with the effects of PI-PLC, GFP:Dallygpi has slightly 
higher mobility than the GFP-tagged wild type protein (Fig. 13A). 
To determine to which degree these mutant forms of Dally are associated 
with membranes we analyzed homogenates of larval discs extracts by differential 
centrifugation. The full-length form and cleaved but disufide-bonded form of 
GFP:DallyHS is mainly present in its membrane associated form (P120) and is 
released from membranes (S120) to a similar extent as GFP:Dally and its proteolytic 
 
Figure 12: Dally and Dally-like are present in multiple forms in imaginal discs. A) 
Extracts of imaginal discs that express either GPF:Dally or GFP:Dally-like were electrophoresed 
under reducing and non-reducing conditions and probed with anti-GFP antibody. GFP:Dally is 
present in a full-length form (arrowhead), a cleaved but disulfide-bonded form (asterisk) and a N-
terminal fragment (double asterisks). GFP:Dally-like is observed in a full-length form and a cleaved 
form that remains attached to the rest of the protein via disulfide bonds. B) Western blots of 120,000g 
supernatants and pellets of GFP:CD63, GFP:Dally or GFP:Dally-like expressing disc extracts probed 
with anti-GFP.  A fraction of GFP:Dally and GFP:Dally-like remains in the supernatant under 
conditions that pellet membrane proteins (GFP:CD63). C) Western blots of KBr gradient fractions 
prepared from the S120 of larvae expressing GFP:Dally or GFP:Dally-like probed with anti-ApoII or 
anti-GFP antibodies. Dally (arrowhead) and Dally-like (arrow) float to the lowest density fraction 
with Lipophorin (ApoII). D) PI-PLC treatment and KBR density centrifugation of the S120 from 
larvae expressing GFP:Dally. Western blots and were probed with anti-GFP antibody. All forms shift 
to high-density fractions. E) Western blots of dissected larvae expressing GFP:Dally after mock or PI-
PLC treatment. F) Triton-X114 phase separation performed on discs expressing GFP:Dally. The N-
terminal cleavage product is mostly detected in the aqueous phase (double asterisks). The fraction of 
GFP:Dally protein present in the aqueous phase was of higher mobility than that of the detergent 
phase (arrowhead) indicating that this form might have lost the gpi-anchorage. A: aquous phase, D: 
detergent phase, IP: insoluble pellet, H: homogenate, (E and F performed by Daniela Panakova). 
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cleavage product is released into the S120 as predicted for soluble proteins. In 
contrast, the full-length form of GFP:Dallygpi as well as its N-terminal cleavage 
product was efficiently released into the S120 as both forms lack the gpi-anchor (Fig. 
13B). 
Upon isopycnic KBr density centrifugation about 20% of the full-length form 
and the cleaved but disulfide-bonded form of GFPDallyHS co-fractionate with 
Lipophorin (Fig. 13C arrows). Thus GFP:DallyHS behaves like the GFP-tagged 
form of Dally wild type (Fig. 13C arrowheads), suggesting that HS modification is 
not absolutely necessary for Lipoprotein association. In contrast, GFPDallygpi is 
efficiently released from cells and does not co-fractionate with Lipophorin in this 
biochemical assay (Fig. 13C).  
The data described so far led to the conclusion that Dally is present under 
physiological conditions as a membrane-associated full-length form, a Lipoprotein-
associated form, a released soluble full-length form without gpi-anchor and a 
released soluble N-terminal fragment (Fig. 13D). Furthermore, This data indicates 
that the gpi-anchor is necessary to insert the protein into the lipid leaflet of 
Lipoprotein particles. 
 
 
2.1.5 The non-membrane associated forms of Dally (Dallygpi) and 
Dally-like (Dlpgpi) co-migrate with lipidic particles 
 
The results described so far indicate that Dally and Dally-like are inserted 
into the lipid leaflet of Liopophorin particles via their gpi-anchor. However, we have 
evidence that glypicans can interact with Lipoprotein particles in other ways than via 
the gpi-anchor. Dally or Dally like present on the cell membranes can bind to 
Lipoprotein particles and this results in increased endocytosis of Lipophorin particles 
(Fig. 14A-D). This interaction is dependent on HS modification of the core protein 
since overexpression GFP:DallyHS does not result in increased accumulation of 
Lipophorin particles on the cell-surface (Fig 14E,F). We therefore wondered if the 
high salt concentration upon isopycnic density centrifugation with KBr might destroy 
transient and non-covalent interactions between Lipoprotein particles and the HSPGs 
Dally and Dally-like. To investigate this possibility I examined the fractionation  
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Figure 13: Fractionation of mutated forms of Dally. A) Western blots of dissected discs expressing 
GFP:Dally, GFP:Dallygpi or GFP:DallyHS using enGal4 were probed with anti-GFP antibody. B) 
Western blots from 120,000g supernatants and pellets from dissected discs expressing GFP:Dally, 
GFP:Dallygpi or GFP:DallyHS were probed with anti-GFP antibody. A fraction of GFP:Dally and 
GFP:DallyHS remains in the supernatant. GFP:Dallygpi  is mainly observed in the supernatant. C) 
Western blots of KBr gradient fractions prepared from S120 from larvae expressing GFP:Dally, 
GFP:Dallygpi or GFP:DallyHS were probed with anti-ApoII or anti-GFP antibody. GFP:Dally 
and GFP:DallyHS float to the lowest density fraction with Lipophorin (ApoLII). GFP:Dallygpi 
remains in higher density fractions. D) Schematic drawing of the different forms of Dally that are 
present in imaginal disc tissue. 
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behavior of Lipophorin, GFP:Dally, GFP:Dally-like, GFP:Dallygpi, CFP:Dally-
likegpi by isopycnic density centrifugation in OptiPrep medium, which consists of 
iodixanol as iso-osmotic and non-ionic density gradient medium. 
First I studied the fractionation behavior of proteins known to associate with 
Lipoprotein particles, and secreted proteins from the S120 by performing isopycnic 
density centrifugation in OptiPrep medium. Western blotting reveals that under these 
conditions Lipophorin moves to the fractions 1 to 3 which corresponds to the density 
of 1.091g/ml to 1.208g/ml. The protein is enriched in fraction 1 and 2 at a density of 
1.091g/ml and 1.141g/ml but a significant fraction of the protein is also observed in 
fraction 3 at a density of 1.208g/ml. In contrast, soluble proteins like secGFP are 
present in higher density fractions at the bottom of the gradient at a density higher 
than 1.292g/ml. Since, our lab has shown that gpi-linked proteins and lipid-linked 
morphogens like Wg and Hh fractionate with Lipoprotein particles I tested the 
fractionation behavior of the gpi-linked protein Fascilin I (Fas I) and Hh using the 
same approach. Fas I is present in both low and high-density fractions and is 
enriched in the first fraction together with Lipophorin. Similarly, a pool of Hh is 
found in high-density fractions whereas the majority of the protein is found in low-
density fractions and thus co-migrates to fractions enriched for Lipophorin (Fig 
14G). Taken together, Lipoproteins prepared in OptiPrep gradients are similar to 
those prepared by conventional salt gradients and proteins fractionate as expected 
when centrifuged in iodixanol. The advantage of using OptiPrep medium, however, 
is to perform isopycnic density centrifugation under iso-osmotic and non-ionic 
conditions. 
To determine whether Dally and Dally-like associate with Lipoprotein 
particles via gpi-anchor and if there are transient and non-covalent interactions 
between Lipophorin particles and these proteins I examined the fractionation 
behavior of the S120 of larvae expressing GFP:Dally, GFP:Dally-like, 
GFP:Dallygpi, GFP:Dally-likegpi or GFP:Dally-likeHS after isopycnic density 
centrifugation in iodixanol. 
The 120,000g supernatant from discs expressing GFP:Dally contains both 
gpi-anchored and non-anchored forms that have been released from membranes. 
When fractionated in KBr gradients, only 10% of GFP:Dally in the S120 co-
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fractionates with Lipophorin (Fig. 12C). In contrast the majority of the full-length 
form of GFP:Dally in the S120 co-fractionates with Lipophorin in Optiprep 
gradients (Fig. 14H arrowhead). A fraction of the full-length form of Dally is 
observed in intermediate density. Dally present in this fraction migrates with a 
slightly higher mobility than the pool in lower density fractions suggesting that this 
form might have lost its gpi-anchor (Fig. 14H asterisk). As predicted the N-terminal 
cleavage product, which is soluble, is targeted to high-density fractions (Fig. 14H 
double asterisks).  
 In order to ask whether this form of Dally has lost its gpi-anchor I performed 
the same gradient with the form of Dally with mutated gpi-anchor attachment site. 
Indeed, a significant fraction of GFP:Dallygpi, which cannot be lipid-modified, 
moves out of high-density fractions containing secGFP and into lower density 
fractions that contain Lipophorin (Fig. 14H arrow). This is in contrast to the gradient 
prepared in salt, where the non-gpi-anchored form is exclusively soluble. Moreover, 
this result suggests that Dally interacts with Lipoprotein particles after removal of the 
gpi-anchor and does this possibly via its HS side chains. GFP:Dallygpi does not 
float to the top of the gradient; this could be due to GFP:Dallygpi interacting with a 
pool of Lipoprotein particles of higher density or that the interaction of Lipoprotein 
particles and Dally after the removal of the gpi-anchor is less stable and of transient 
nature. 
 I furthermore determined if Dally-like behaves similar upon isopycnic density 
centrifugation in OptiPrep. Gradients reveal that Dally-like is targeted to low-density 
fractions and thus co-migrates with Lipophorin (Fig. 14I arrowhead). Performing the 
same approach with the mutated form of Dally-like, which lacks the gpi-anchor 
shows that a significant fraction co-migrates with Lipophorin and floats out of high-
density fractions containing secGFP (Fig. 4I arrow). 
 The data described shows that the non-gpi-anchored form of Dally and Dally-
like co-fractionates with Lipophorin. These data suggest that glypicans may bind to 
Lipophorin in two different ways but that only interaction via the gpi-anchor is 
resistant to high salt conditions. While the distribution of GFP:Dallygpi and 
CFP:Dally-likegpi overlapped with that of Lipophorin in Optiprep gradients, 
itpeaks  at  higher density  than  GFP:Dally  or  GFP:Dally-like. This might be due to 
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Figure 14: The non-membrane associated forms of Dally and Dally-like co-fractionates with 
Lipophorin particles. A-F) Gpi-linked glypicans recruit Lipophorin in a heparan sulfate-dependent 
manner. A,B) A wing disc expressing GFP:Dally-like (B, green) in the dorsal compartment, stained 
with anti-Lipophorin (A and B, red). C,D) A wing disc expressing GFP:Dally (D, green) in the dorsal 
compartment, stained with anti-Lipophorin (C and D, red). E,F) A wing disc expressing a non-
heparan-sulfate-modifiable form of GFP:Dally (F, green) in the dorsal compartment stained with anti-
Lipophorin (E and F, red).G) Western blots of the fractions from isopycnic density centrifugations in 
Optiprep prepared from the S120 of larvae expressing secGFP under the control of ptcGal4. Gradients 
were probed with anit-ApoII, anti-GFP, anti-Fasciclin-I and anti-Hh antibodies. Sec GFP is observed 
in higher density fractions. Hh and Fascilcin I are observed in low-density fractions. H) Western blots 
of Optiprep gradient fractions from the S120 of larvae expressing GFP:Dally or GFP:Dallygpi. The 
majority of the full-length form of GFP:Dally in the S120 migrates to high-density fractions in 
Optiprep gradients (arrowhead). Dally present in the fractions 3 and 4 migrates with a slightly higher 
mobility than the pool in lower density fractions suggesting that this form might have lost its gpi-
anchor (asterisk). The N-terminal cleavage product is targeted to high-density fractions (double 
asterisks). GFP:Dallygpi floats out of high density fractions (arrow). I) Western blots of Optiprep 
gradient fractions from the S120 of larvae expressing GFP:Dally-like or CFP:Dally-likegpi. The 
full-length processed form of Dally-like is targeted to low-density fractions (arrowhead). CFP:Dally-
likegpi floats out of high density fractions (arrow). 
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transient interactions between Lipoprotein particles and the non gpi-linked form of 
Dally and Dally-like. It may be that non-ionic interactions between glypicans and 
Lipophorin are more reversible than those mediated by the gpi-anchor. 
 
 
 
2.1.6 The non-membrane associated forms of Dally (Dallygpi) and 
Dally-like (Dlpgpi) interact with Lipophorin particles 
 
 To further determine the interaction between Lipoprotein particles and the 
non-membrane associated form of Dally and Dally-like we immunoprecipitated both 
GFP:Dallygpi and CFP:Dally-likegpi and as control secGFP from the S120  with 
anti-GFP and probed the precipitates against Lipophorin. Western blotting shows 
GFP:Dallygpi and CFP:Dally-likegpi can co-immunopreciptitate Apolipoprotein. 
SecGFP that contains neither a gpi-anchor nor lipid-modification is unable to 
precipitate Apolipoprotein (Fig. 15A). This data suggests that the non-membrane 
associated forms of both Dally and Dally-like interact with Lipophorin particles. 
 Conversely, anti-ApoL II antibodies, but not pre-immune serum can co-
immunoprecipitate GFP:Dallygpi and CFP:Dally-likegpi (Fig. 15B), but cannot 
pull down a soluble protein like secGFP (Fig. 15C). 
Taken together, this data shows that glypicans can specifically interact 
interacts with Lipophorin particles independently of their gpi-anchors. Thus, heparan 
sulfate mediated interactions with glypicans may not only recruit Lipophorin to disc 
tissue, but also permit continued association between glypicans and Lipophorin after 
cleavage of the gpi-anchor. Our group demonstrated that Hh associates with 
Lipoprotein particles and that this association is essential for long-range Hh 
signaling. The release of signaling molecules on a multivalent particle suggests the 
possibility that other Lipoprotein particle associated proteins might regulate 
morphogen signaling. 
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Figure 15: The non-membrane associated forms of Dally and Dally-like physically interacts with 
Lipophorin particles. A) The S120 from homogenates of larvae expressing secGFP, GFP:Dallygpi 
or CFP:Dally-likegpi were immunoprecipitated with anti-GFP antibody. The immunoprecipitates 
were probed with anti-GFP and anti-Apo II antibodies. The immunoprecipitates of GFP:Dallygpi or 
CFP:Dally-likegpi can precipitate Lipophorin. Lipophorin is not co-immunoprecipitated by 
homogenates of larvae expressing secreted GFP. B) The S120 from homogenates of larvae expressing 
GFP:Dallygpi or CFP:Dally-likegpi were immunoprecipitated with pre-immune serum and anti-
Apo II serum. The immunoprecipitates were probed with anti-Apo II or anti-GFP. Anti-Apo II but not 
the pre-immune serum can precipitate GFP:Dallygpi and CFP:Dally-likegpi. C) The S120 from 
homogenates of larvae expressing secreted GFP were immunoprecipitated with pre-immune serum, 
anti-Apo II serum or anti-GFP antibody.  Lipophorin does not co-immunoprecipitate when using the 
anti-GFP antibody and anti-Apo II cannot precipitate a secreted form of GFP that does not contain any 
lipid modification. 
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2.2 Genetic analysis of Dally 
 
2.2.1 Autonomous versus non-autonomous roles of Dally in 
development 
 
The biochemical data described above shows that Dally is released both from 
the cell membrane on Lipoprotein particles and by removal of the gpi-anchor. We 
therefore investigated the role of released Dally in imaginal discs and asked if it has a 
non-autonomous function in development. To distinguish between autonomous and 
non-autonomous effects of Dally I first analyzed the phenotypes of dally mutant 
flies. For this three alleles, which are mutant for dally, were compared according to 
their developmental defects.  
DallyP2 is a partial loss-of-function allele of dally. The mutation is induced 
by a P-element insertion in the 5´prime region of the gene. These flies reveal 
multiple developmental defects including a shortened fifth longitudinal wing vein 
(Fig. 16D arrow), a reduced number of dorsal marginal bristles (Fig. 6A,B arrows) 
and insufficient growth (Fig. 16D).  
However, to learn about all functional aspects of Dally we wanted to get a 
real null. We received two additional dally alleles, called dallyZ3 and dally80, which 
exhibit stronger effects than dallyP2. I could show by sequence analysis that the 
mutation in dallyZ3 results in a truncated protein by an introduced stop codon after 
amino acid 281. Like dallyP2, some dallyZ3 homozygotes survive to adulthoods 
though with less viability. The wings resemble those of dallyP2 homozygous flies, 
although the reduction in size is more severe (Fig. 16F). The reduced number of 
dallyZ3 homozygous escapers suggested a partially penetrant phenotype killed some 
flies before pupariation. To try to identify this problem, I examined discs from 
developing third instar larvae and observed that the wing pouch was often duplicated. 
Because Wg activity promotes determination of the wing pouch during the second 
larval instar these data suggest that Dally negatively regulates Wg function at this 
developmental stage (data not shown). 
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dally80/dally80 dallyZ3/dallyZ3
 
 
Figure 16: dally null mutant wings. A-B) dally mutant wings show a reduction in the number of 
dorsal marginal bristles A) OR control wing, B) dallyP2/dallyP2 mutant wing. C-F) dally mutant 
wings show patterning defects including a shortened 5
th
 longitudinal vein (arrow in D) and a reduction 
in size. C) OR control wing, D) dallyP2/dallyP2 mutant wing, E) dally80/dally80 mutant wing, F) 
dallyZ3/dallyZ3 mutant wing.  
 
 
Using the dallyP2 allele Han et al. generated another loss of function allele, 
dally80, by imprecise P-element excision. Homozygous escaper flies show the same 
developmental defects of the adult wing like dallyZ3 and dallyP2 mutant flies (Fig. 
16E) and in addition show the duplication phenotype of the wing pouch like dallyZ3 
homozygotes (data not shown). 
Taken together, all three dally alleles show the same patterning defects such 
as the shortened fifth wing vein, reduced number of dorsal marginal bristles and 
reduction in size (Fig. 16C-F). The reduction in size is observed in both the anterior 
and posterior compartment (quantified in Fig. 17A), and all intervein regions are 
affected (quantified in Fig. 17B). Dally mutant flies are between 64 and 84% of 
normal size, which is mainly due to a reduction in cell number. The reduction of the 
size of the anterior compartment is due to a reduction in cell number. However, the 
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insufficient growth of the posterior compartment appears to be controlled by 
reduction of cell number and cell size (quantified in Fig. 17C). 
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Figure 17: dally null mutant wings are reduced in size. A-C) Quantifications of the size and the cell 
number of dally mutant wings. A) Quantifications of the size of the entire wing, and A and P 
compartment of dally mutant wings. B) Quantifications of all intervein regions of dally mutant wings. 
C) Quantifications of the size and cell number of dally mutant wings. ORK in grey, dallyP2 in dark 
blue, dally80 in light blue, dallyZ3 in yellow. At least ten wings were quantified. D) Schematic 
drawing of the intervein regions of a Drosophila wing. E) p-values of graphs A, B, and C. 
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To see which of these developmental defects of dally mutant flies could be 
caused by autonomous versus non-autonomous roles of Dally I first studied the 
endogenous expression pattern of dally. RNA in situ hybridization of third instar 
imaginal discs showed that dally is expressed in a cross along the dorso/ventral and 
at the anterior/posterior axis (Fig. 18A). Furthermore, its expression broadens at the 
anterior and posterior edges of the wing imaginal disc. To confirm this result 
heterozygous dallyP2 flies were stained with X-Gal to monitor P-element -
Galactosidase expression. Labeling the posterior compartment with cytoplasmatic 
GFP under the control of enGal4 revealed that dally is expressed at the anterior side 
of the anterior-posterior compartment boundary (Fig. 18B). At the dorso/ventral 
compartment boundary dally is transcribed in a broad strip including the wingless 
expressing cells (Fig. 18C). In 2
nd
 instar imaginal discs the Dally protein is expressed 
in the prospective wing pouch (data not shown).  
The analysis of the null mutant phenotypes revealed multiple developmental 
defects. Most of these defects occur in cells that normally express dally. In contrast, 
reduction in size is uniform throughout the wing despite the non-uniform dally 
expression pattern. This raises the possibility that Dally has a non-autonomous role 
in development. 
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Figure 18: dally is expressed in a cross along the d/v axis and in A compartment cells along the 
A/P axes. A) in situ hybridization  of a wing imaginal disc with dally antisense probe. B) -Gal and 
Wingless antibody staining of a dallyP2/dallyP2 mutant wing to monitor P-element -Galactosidase 
expression; -Gal in red and Wingless in green. C) -Gal antibody staining of a dallyP2/dallyP2 
mutant wing; -Gal in red and the posterior compartment is marked with cytoplasmatic GFP.  
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2.2.2 Dally has a non-autonomous role in development 
 
To distinguish between autonomous and non-autonomous roles of Dally in 
development I examined in which cells the protein must be expressed to rescue the 
different aspects of the mutant phenotypes. Furthermore, to investigate the function 
of non-membrane associated Dally I was attempted to determine whether any of the 
dally mutant phenotypes can be rescued non-autonomously by localized expression 
of wild type Dally. 
Under control of the Gal4 UAS system the reduction of the fifth longitudinal 
wing vein could be rescued autonomously by expression of dally in the relevant 
precursor cells.  Recent studies show a requirement of Dally for Dpp signaling in a 
cell-autonomous manner. Neither the bristle nor the vein phenotype can be rescued 
when dally is expressed in other regions of the wing. These requirements for Dally 
are likely to reflect an autonomous function for the protein in Wg and Dpp signaling. 
However, overexpression of a UAS:dally construct in the posterior 
compartment partially rescued the growth phenotype in both posterior and anterior 
compartments (Fig. 19A-C, quantified in D). Similarly, posterior expression of dally 
in a wildtype background acts non-autonomously outside of its region of expression 
by exerting a positive effect on growth in both compartment (Fig. 19E). 
These experiments suggest that Dally protein expressed in the posterior 
compartment acts non-autonomously to control growth throughout the wing. Dally 
might promote growth over distance by its release into non-expressing tissue.  
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Figure 19: Dally has a non-autonomous role in development. A-D) Overexpression of a UAS-dally 
construct in the posterior compartment partially rescues the growth phenotype in both posterior and 
anterior compartments. A) enGal4 control wing, B) resucue of a dally80/dally80 mutant wing by 
UASdally expressed in the posterior compartment under the control of enGal4. C) dally80/dally80 
mutant wing. D) Quantifications of the wing size, and the size of the A and the P compartments of 
enGal4 control wings in grey, enGal4/UASdally; dally80/dally80 rescued wings in green and 
dally80/dally80 wings in white. E) Quantification of the wing size of wings expressing different 
UASdally constructs in a wildtype background under the control of enGal4. Overexpression results in 
a non-autonomous overgrowth of the anterior compartment. EnGal4 in grey, enGal4/UASdally in 
green, enGal4;GFP:Dally in light green. 
 
 
2.2.3 Dally causes non-autonomous overgrowth 
 
Dally expressed in the posterior compartment under enGal4 can act non-
autonomously outside of its region of expression by exerting a positive effect on 
growth in anterior compartment cells. How does Dally promote growth at distance? 
One possibility is that a released form of Dally, either on lipidic particles or by 
removal of the gpi-anchor, is responsible for this activity. Alternatively, membrane 
associated Dally might signal in cells that express it, causing them to increase 
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production of a secreted growth factor. In the former case, expressing a released form 
of Dally should promote growth. In later case, preventing membrane association of 
Dally should abrogate its ability to promote growth.  
Flies expressing a mutated form of Dally protein without attachment side for 
the gpi-anchor (GFP:Dallygpi) efficiently release the mutated Dally protein into 
the lumen and it is internalized by non-expressing tissue (Fig. 20A). Expression of 
the GFP:Dallygpi construct results in an overgrowth phenotype and venation 
defects of the adult wing (Fig. 20B,E). Furthermore, overexpression of this construct 
partially rescued the anterior growth phenotype of dally mutant flies but cannot 
rescue the size of the posterior compartment (Fig 20C).  
These results suggest that released Dally without gpi-anchor can act directly 
in a cell non-autonomous manner to promote growth throughout the wing. 
Furthermore, from our biochemical data we know that imaginal disc cells 
physiologically induce the release of Dally from the membrane on Lipophorin 
particles or by cleavage of the full-length form at the level of the gpi-anchor.  
 
 
2.3 Dally binds to Lipophorin particles and increases 
Hedgehog signaling 
 
2.3.1 Hedgehog signaling is defective in dally null mutant discs 
 
Dally acts non-autonomously outside of its region. Since cells of the anterior 
compartment respond to Hh we wondered whether released Dally influences Hh 
signaling. Furthermore, wings expressing GFP:Dallygpi have patterning defects 
that resemble those of hh over-expression (Fig. 20E,F). 
The most upstream events of the Hh signaling transduction pathway is 
mediated by the two transmembrane proteins Patched (Ptc) and Smoothened (Smo). 
Ptc inhibits the latent activity of Smo in the absence of Hh signal. The binding of Hh 
to Ptc inhibits the function of Ptc and allows Smo to be active. This results in 
transduction of the signal intracellularly through several components like Costal-2, 
Protein kinase A, Fused, Suppressor of Fused and Slimb.  The distal most component  
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Figure 20: non-gpi modified Dally has a non-autonomous effect on development. A) 
GFP:Dallygpi expressed under the control of enGal4 is efficiently released into the apical lumen of 
the disc and taken up by cells throughout the epithelium. B) Quantifications of the size of wings 
expressing GFP:Dallygpi or UAShh under the control of enGal4. Expression of GFP:Dallygpi or 
UAShh in the posterior compartment displays a non-autonomous overgrowth phenotype of the anterior 
compartment. C) Expression of GFP:Dallygpi can rescue non-autonomously the size of the anterior 
compartment in dally mutant wings. Engal4 in grey, enGal4/UASdally; dally80/dally80 in green, 
enGal4/GFP:Dallygpi; dally80/dally80 in light green, dally80/dally80 in white. D-F) Expression of 
GFP:Dallygpi under the control of  enGal4 in a wildtype background results in venation defects and 
a wing overgrowth phenotype similar to overexpression of UAShh in the posterior compartment using 
enGal4. D) EnGal4 control wing, E) expression of GFP:Dallygpi using enGal4, F) expression of 
UAShh using enGal4. 
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of this signal transduction cascade is the zinc-finger protein Cubitus interruptus (Ci). 
Ci mediates the Hh signal upon translocation from the cytoplasm to the nucleus 
where it directly regulates transcription of target genes. Ci is cleaved to a repressor 
form (Ci
rep
) in absence of Hh signal. In the presence of Hh this cleavage is prevented 
and results in accumulation of Ci full-length in the region near the anterior posterior 
boundary within 10 to 12 cell rows. Full-length Ci activates transcription of different 
target genes at different distances from the Hh source. Ptc, Engrailed and collier 
transcription is activated nearest to the Hh expression domain and dpp is activated at 
long-range (Methot and Basler 1999; Wang and Holmgren 1999; Lefers, Wang et al. 
2001).  
First, we asked whether Hh signaling was normal in dally null mutant discs. 
To study the effect on Hh target genes, we examined the distribution of Engrailed 
(En), Collier (Col) and a Dpp reporter construct, DppLacZ. It has been reported that 
Dally and Dally-like are involved cell-autonomously in Hh signaling and are 
functionally redundant during wing development. Clones mutant for both dally and 
dally-like show a reduction in target gene expression of ptc, engrailed and collier. 
Clones mutant for dally alone do not autonomously reduce Hh signaling (Lin et al.). 
In contrast, when the wing is completely mutant for dally, the range of Hh targets 
engrailed, collier and dppLacZ is reduced compared to wild type wing discs (Fig. 
21A-I).  
These data suggest that the released form of Dally is required for the normal 
range of Hh signaling and has a non-autonomous role in extending the range of Hh 
signaling activity. The membrane associated form of Dally is not likely to be 
required for efficient Hh signaling because this pathway is not autonomously 
perturbed in dally null mutant clones (Han, Belenkaya et al. 2004). 
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Figure 21: Hedgehog signaling efficiency is reduced in dally mutant wings. A-C) The range of 
short and long-range target gene expression is reduced in dally mutant wing discs. A) Average Collier 
staining intensity of two independent experiments; 12 discs of enGal4 and 16 discs of dally80/dally80 
were quantified. B) Average Engrailed staining intensity of 6 discs of enGal4 and 8 discs of 
dally80/dally80 were quantified. C) Average Dpp staining intensity of two independent experiments; 
12 discs of enGal4 and 16 discs of dally80/dally80 were quantified. Engal4 in yellow, dally80/dally80 
in red. The Y-axis indicates the A/P compartment boundary. D) Collier antibody staining of an 
enGal4,dppLacZ control disc. E) Collier antibody staining of an enGal4,dppLacZ;dally80/80 mutant 
wing. F) Engrailed antibody staining of an enGal4,dppLacZ control disc. G) Engrailed antibody 
staining of an enGal4,dppLacZ;dally80/80 mutant wing. H) DppLacZ staining of an enGal4,dppLacZ 
control disc. H) DppLacZ staining of an enGal4,dppLacZ/GFPDallygpi;dally80/80 mutant disc. A/P 
boundary is indicated in blue. 
 
 
 
2.3.2 Ci stabilization is not altered in dally null mutant discs  
 To examine whether the reduction of the range of target gene expression in 
dally mutant discs is due to the narrowing of the range over which Ci full-length is 
stabilized, I analyzed the distribution of Ci full-length in these discs. 
 Surprisingly, Ci stabilization is not altered in dally mutant discs compared to 
wildtype discs (Fig. 22A). To ask whether Ci full-length distribution might be altered 
intracellularly we examined if there is a change of nuclear import of Ci full-length in 
dally mutant flies. Leptomycin B treatment was used to block nuclear export in order 
to trap Ci in the nucleus. However, the range over which Ci full-length is imported 
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into the nucleus appears not to be altered upon leptomycin B treatment (Fig. 22B,C-
F). Thus, the role of Dally does not obviously affect nuclear translocation of Ci.  
A dramatic change in range of nuclear Ci is, however, observed upon 
overexpression of GFP:Dallygpi in a wildtype or dally mutant background (Fig. 
22A,B,G-J). As shown earlier Hh target genes are not induced over the normal range 
in wings mutant for dally despite the normal distribution of full-length Ci. Thus, this 
data indicates that stabilization of full-length Ci is not sufficient to convert it into a 
transcriptional activator. The activation of full-length Ci appears to be dependent on 
post-translational modifications induced by Hh signaling or is fully activated by 
interaction with other transcriptional co-factors.  
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Figure 22: The range of Ci stabilization is not altered in wing discs mutant for dally. A,B) The 
range over which Ci full-length accumulates is not altered in dally mutant disc but is increased 
dramatically when GFPDallygpi is expressed in the posterior compartment. A) Average Ci staining 
intensity of 8 discs of enGal4 and 8 discs of dally80/dally80 and 10 discs of enGal4;GFPDallygpi 
were quantified. B) Average Ci staining intensity of nuclear Ci after Leptomycin B treatment of 4 
discs of enGal4 and 5 discs of dally80/dally80 and 4 discs of enGal4;GFPDallygpi were quantified. 
EnGal4 control discs in yellow, dally80 mutant discs in red, GFPDallygpi in blue. C-J) Ci antibody 
staining after leptomycin B treatment. C,D) Ci is observed in the nucleus over a range of 10 to 12 cell 
rows in enGal4 control discs. E,F) Ci accumulates in the nucleus over 10 to 12 cell rows in dally 
mutant wings. The range of Ci stabilization is not altered in dally mutant wings compared to control 
discs. G,H) Ci is dramatically accumulated in the anterior compartment of enGal4/GFPDallygpi and 
I,J) enGal4/GFPDallygpi;dally80/dally80 wing discs. Ci antibody staining in red, DAPI in green. 
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2.3.3 The released Dally rescues Hedgehog signaling non-autonomously 
in dally null mutant discs 
 
Hh signaling is not autonomously perturbed in dally null mutant clones (Han, 
Belenkaya et al. 2004). Might reduced Hh signaling activity in dally mutant discs be 
caused by the lack of released Dally? To address this question, we investigated 
wether target gene activation could be rescued non-autonomously by expression of 
GFP:Dallygpi in a dally mutant background. 
 Expression of GFP:Dallygpi in the posterior compartment of dally80 mutant 
discs extends the range of Engrailed and Dpp production in the anterior 
compartment. The range of Engrailed activation in rescued discs is equal to that of 
wild type (Fig. 23A, C-E). Dpp is actually produced over a slightly broder range in 
rescued discs than in wild type (Fig. 23B, F-H). 
This data suggests that the loss of the non-gpi-anchored form of Dally 
accounts for reduced Hh signaling in dally mutant discs. Non-autnonomous rescue 
by released Dally from surrounding tissue would account for the failure to observe 
Hh signaling defects in dally mutant clones. 
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Figure 23: Hedgehog signaling is rescued non-autonomously 
by the expression of GFP:Dallygpi in dally null mutant discs.  
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2.3.4 GFP:Dallygpi promotes non-autonomously Hedgehog signaling 
activity 
 
 
GFP:Dallygpi expression in the posterior compartment rescues Hedgehog 
signaling in dally mutant discs. We therefore investigated, whether GFP:Dallygpi 
can promote Hedgehog signaling in a wild type background. 
GFP:Dallygpi expression in the posterior compartment of wing imaginal 
discs does not change the protein distribution of the short-range Hedgehog target 
genes engrailed or collier (Fig. 24A,B,D-G). In contrast, the long-range target gene 
dppLacZ was accumulated over a broader range upon GFP:Dallygpi expression 
(Fig. 24C,H,I). These data show that levels of GFP:Dallygpi are limiting for the 
distance over which the long-range target dppLacZ is activated, but not for the 
expression of short-range targets engrailed or collier.  
In contrast, total depletion of Dally protein results in a decrease of the range 
of target gene expression. It is not known how cells interpret the Hh protein gradient 
exactly in order to express target genes in defined subsets of cells away from the 
anterior/posterior compartment boundary. In wild type background expression of 
GFP:Dallygpi is able to broaden the long-range target genes, thus increasing the 
signaling efficiency for long distances. It appears that short-range signaling is 
already maximized and that these cells do not respond to additional signaling input. 
Since the analysis of dally mutant discs revealed that the released form of Dally is 
required to achieve the normal range of short-range target gene expression, other 
factors must limit the distance over which they are activated. 
   
Figure 23: Hedgehog signaling is rescued non-autonomously by the expression of 
GFP:Dallygpi in dally null mutant discs. A-B) Expression of GFPDallygpi rescues the reduced 
Hh signaling activity of dally mutant wings. A) Average Engrailed staining intensity of 6 discs of 
enGal4, 8 discs of dally80/dally80 and 6 enGal4/GFPDallygpi;dally80/dally80 were quantified. B) 
Average Dpp staining intensity of 6 discs of enGal4,dppLacZ, 8 discs of 
enGal4,dppLacZ;dally80/dally80 and 6 enGal4,dppLacZ/GFPDallygpi; dally80/dally80 were 
quantified. Engal4 in yellow, dally80/dally80 in red, and enGal4/GFPDallygpi; dally80/dally80 in 
green. The Y-axis indicates the A/P compartment boundary. C-E) Engrailed stainings of D) an 
enGal4,dppLacZ control discs, D) an enGal4,dppLacZ; dally80/dally80 mutant discs, E) an 
enGal4,dppLacZ/GFPDallygpi; dally80/dally80 rescued discs. F-H) DppLacZ staining of F) an 
enGal4,dppLacZ control discs, G) an enGal4,dppLacZ; dally80/dally80 mutant discs, H) an 
enGal4,dppLacZ/GFPDallygpi; dally80/dally80 rescued discs. 
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Figure 24: GFP:Dallygpi promotes long-range but not short-range Hedgehog signaling. A-C) 
Short range target genes including Collier and Engrailed are expressed in the normal range when 
GFPDallygpi is overexpressed. The range of DppLacZ is broadened upon GFPDallygpi  
expression. A) Average Collier staining intensity of 8 discs of enGal4 and 10 discs of 
enGal4;GFPDallygpi were quantified. B) Average Engrailed staining intensity of 8 discs of enGal4 
and 8 discs of enGal4;GFPDallygpi were quantified. C) Average Dpp staining intensity of 8 discs of 
enGal4 and 10 discs of enGal4;GFPDallygpi were quantified. Engal4 in yellow and 
enGal4;GFPDallygpi in blue. The Y-axis indicates the A/P compartment boundary. D) Collier 
staining of an enGal4,dppLacZ control discs. E) Collier staining of a disc expressing 
enGal4;GFPDallygpi. F) Engrailed staining of enGal4 control discs. G) Engrailed staining of a disc 
expressing enGal4;GFPDallygpi. H) DppLacZ staining of an enGal4,dppLacZ control discs. I) 
DppLacZ staining of a disc expressing enGal4;GFPDallygpi.  
 
 
2.3.5 Expression of released Dally accumulates the Hedgehog signaling 
transcription factor, Ci full-length 
 
The analysis of dally mutant discs showed that endogenous Dally is not 
necessary for the accumulation of full-length Ci within its normal range. However, 
overexpression of GFP:Dallygpi can induce long-range target gene expression. We, 
therefore, investigated wether GFP:Dallygpi is sufficient to regulate non-
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autonomously Ci stabilization and activation thereby promoting Hedgehog signaling 
activity. 
Overexpression of GFP:Dallygpi results in the accumulation of full-length 
Ci over a broader range of anterior wing disc cells, regardless in which subset of 
cells GFP:Dallygpi is expressed. Furthermore, this phenotype is similar to the Ci 
full-length accumulation when a wild type form of Hh is overexpressed in the 
posterior compartment (Fig. 25A-C).  
The released Dally protein might act on Lipoprotein particles thereby 
increasing Hh signaling activity. Alternatively, overexpression of released Dally 
might perform a function that Dally normally performs on the membrane. In the later 
case, expression of the membrane bound form of Dally in Hh receiving tissue should 
increase the ability to activate Hh signaling even more. Expression of membrane 
associated Dally in receiving cells in the dorsal compartment of wing imaginal discs 
did not autonomously increase accumulation of full-length Ci in the dorsal 
compartment (Fig. 25D-F). This experiment suggests that overexpression of Dally in 
receiving tissue is not sufficient to increase Hh signaling activity but the apically 
released non-membrane associated form of Dally increases the efficiency of Hh to 
signal or promotes the movement of Hh morphogen.  
To ask whether GFP:Dallygpi directly promotes Hh signaling I examined if 
the accumulation of full-length Ci is abolished in a hh mutant background. Larvae 
homozygous for a temperature sensitive mutation, hhts, were shifted for 15 hours to 
non-permissive temperature and wing imaginal discs were stained with an antibody 
against Hh and full-length Ci. Upon this treatment Hh protein is efficiently depleted 
from producing and receiving cells and accumulation of full-length Ci is narrowed to 
a thin stripe along the anterior-posterior compartment boundary. Expression of 
GFP:Dallygpi in this background did not increase the range of Ci accumulation 
und thus did not rescue the hh mutant phenotype (Fig. 25G,H,I). This data shows that 
GFPdallygpi can extend Ci stabilization and increases Hh signaling in a Hh-
dependent manner.  
These data show that GFP:Dallygpi promotes long-range but not short-
range Hh signaling and raises the possibility that released Dally might facilitate the 
long-range  activity of Hh by  modulating  Lipoprotein  function. We know  that  the  
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Figure 25: Expression of released Dally accumulates Ci full-length. A-C) Expression of 
GFP:Dallygpi results in the accumulation of full-length Ci over a broader range of anterior wing 
disc cells similar to overexpression of hedgehog in the posterior compartment. A) 
enGal4;GFPDallygpi; Ci staining in red, GFPDallygpi in green. B) enGal4,cGFP; Ci staining in 
red, cytoplasmatic GFP in green. C) enGal4;UAShh, Ci staining in red, cytoplasmatic GFP in green. 
D-F) Expression of the membrane-associated Dally in receiving cells in the dorsal compartment of 
wing imaginal discs is not sufficient to autonomously increase the accumulation of full-length Ci in 
the dorsal compartment. D) Ci staining of apGal4;GFP:Dally. E) Ci staining of an apGal4 control 
disc. F) Ci staining of apGal4;GFP:Dallygpi. G-M) Expression of GFP:Dallygpi in a hhts mutant 
background does not increase the range of Ci accumulation. G,K) Ci or Hh staining of 
enGal4;GFPDallygpi. H,L) Ci or Hh staining of hhts / hhts. I,M) Ci or Hh staining of 
enGal4;GFPDallygpi; hhts / hhts. 
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range of Hh signaling is dependent on low-density Lipoprotein particles. Partial 
knock down of Lipophorin through RNAi reduces the range over which the long-
range target gene dpp is expressed but does not interfere with short-range signaling 
(Panakova, Sprong et al. 2005). This result supports the idea that Lipophorin 
interacts with Hh to help its movement through the tissue by mediating Hh extraction 
and re-insertion into membranes. Remarkably, both Hh and released Dally interact 
with Lipoprotein particles, and when Hh is overexpressed in the posterior 
compartment it causes an anterior overgrowth phenotype similar to that of 
GFP:Dallygpi. 
 
 
2.3.6 Hedgehog distribution in wing imaginal discs 
 
How does overexpression of released Dally extend the range of Hh signaling? 
One possibility is that released Dally helps Hh to move through the tissue by 
antagonizing its interaction with receiving cells. This hypothesis depends on the 
assumption that Hh is normally downregulated by its interaction with its receptor and 
subsequent endocytosis. Is the spread of Hh restricted by its interaction with its 
receptor and is its range limited by endocytosis? 
Since GFP:Dallygpi was secreted into the apical lumen, we asked whether 
Hh protein might also be present on the apical side of the disc epithelium. To 
investigate from which cell surfaces Hh was internalized, I blocked endocytosis for 
several hours by inducing the expression of the dominant negative Rab5SN in the 
dorsal compartment and then looked for sites of Hh and Ptc accumulation. 
Blocking Rab5-mediated endocytosis results in Hh accumulation both 
apically and basally suggesting that Hh is endocytosed both apically and basally in 
wing imaginal discs. Both producing and receiving cells near the AP boundary 
internalize Hh apically, whereas only receiving cells internalize Hh basally (Fig. 26A 
to C). On the basal surface Hh accumulates strongly with Ptc at the anterior posterior 
compartment boundary (Fig. 26J to L). On the apical surface, Hh is observed at the 
apical surface above the level of the junctions. In addition, Hh accumulates at the cell 
membrane on the level of the junctions and in an intracellular compartment (data not  
 66 
D E F
G H I
J K L
Ptc middlePtc apical Ptc basal
PtcHh
Hh Ptc
C Hh basalHh middleBA Hh apical
Rab5SN
Rab5SN
+
+
apical
basal  
 
Figure 26: Hedgehog accumulates apical and basal when endocytosis is blocked. A-M) Rab5-
dependent endocytosis was blocked in the dorsal half of the wing disc by expressing of the dominant 
negative Rab5SN using apGal4 for 5 hours. A-C) Hedgehog is internalized from the apical and basal, 
but not lateral, sides of disc epithelial cells. In posterior cells, which secrete Hedgehog, blocking 
Rab5-dependent endocytosis causes the protein to accumulate on the apical, but not the basal surface. 
Hedgehog staining of A) apical sections, B) middle sections, C) basal sections. D-F) Ptc is 
accumulated at the apical and the basal sides of disc epithelial cells. Patched staining of D) apical 
sections, E) middle sections, F) basal sections. G-H) Hedgehog and Patched protein levels co-localize 
and are elevated on the apical surface. G) Hh staining of an apical section, H) merge of G and I, I) Ptc 
staining of an apical section. J-L) Hedgehog accumulates dramatically with Patched on the very basal 
surface of disc epithelial cells. J) Hh staining of a basal section, K) merge of J and L, L) Ptc staining 
of a basal section. 
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shown). Ptc levels are upregulated as well on the apical surface (Fig. 26D) and Ptc 
co-localizes with Hh on the apical surface (Fig. 26G to I). 
This observation suggests that Hh is internalized on apical and basal sides of 
the imaginal disc epithelium in a Ptc-dependent mechanism. Hh did not accumulate 
over a broader range, however, when endocytosis was blocked. In contrast, the range 
of lipid-modified morphogen Wg is dramatically extended both basally and apically 
in response to Rab5SN expression (Marois, Mahmoud et al. 2006). This suggests that 
Hh is internalized from the apical and basal surface, but that endocytosis does not 
limit its range of movement.  
 
 
2.3.7 Released Dally does not extend the range of the Hedgehog protein 
gradient 
 
Since GFP:Dallygpi is secreted into the apical lumen and Hh is internalized 
from the apical side I wonder if released Dally and Hh interact on the apical surface. 
Transcription of short-range target genes is not altered upon GFP:Dallygpi 
overexpression. The range of the long-range target gene dpp is, however, increased. 
Therefore, I wonder if GFP:Dallygpi might extend apical Hh movement. 
Alternatively, GFP:Dallygpi might affect the signaling efficiency of Hh. 
I therefore examined Hh protein distribution in GFP:Dallygpi expressing 
discs by immuno-histochemistry. I saw no obvious changes in the co-localization of 
Hh and Ptc in endosomes near the AP boundary (Fig. 27A,B). Quantification of Hh 
staining intensities revealed that gradient formation is not altered in GFP:Dallygpi 
expressing discs compared to wildtype (quantified in Fig. 27D). Thus, the extent of 
basolateral Hh movement and gradient formation did not appear to be affected by the 
presence of GFP:Dallygpi in the apical lumen. In contrast, when hh is 
overexpressed in the posterior compartment significantly more protein is observed 
near the AP boundary and throughout the wing disc epithelium and the additional Hh 
protein results in a dramatic increase of the range of ptc expression (Fig. 27E to G). 
In contrast, overexpression of GFP:Dallygpi neither alters the Hh protein gradient 
nor changes the domain of ptc expression (Fig. 27H to M) but dramatically increases 
the range of Ci full-length stabilization (Fig. 25A).  
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Furthermore we know that Hh target genes are reduced in range when wing 
imaginal discs are mutant for dally (Fig. 27C,D). Surprisingly, quantification of Hh 
intensities in dally mutant disc did not show a change in Hh protein gradient 
formation. This data suggests that Dally does not help Hh to move through the tissue, 
but GFP:Dallygpi increases Hh signaling activity. 
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Figure 27: Hedghog distribution in wing imaginal discs. 
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2.3.8 GFP:Dallygpi modulates  Lipoprotein particle function and 
thereby increases Hedgehog signaling efficiency 
 
Our group demonstrated that Hh associates with Lipoproteins particles. This 
association is essential for long-range Hh signaling. Similarly, released Dally 
increases long-range Hh signaling. Therefore, GFP:Dallygpi might interact with 
Hh and Lipoprotein particles to promote Hh signaling. As described earlier 
biochemical data provides direct evidence that GFP:Dallygpi interacts physically 
with Lipoprotein particles. Immunoprecipitations from the S120 from larve 
overexpressing GFP:Dallygpi showed that released Dally interacts with Lipophorin 
(Fig. 15). Since Lipoprotein particles carry lipid-linked morphogens like Wg and Hh 
a ternary complex of GFP:Dallygpi, Lipoprotein particles and Hh might efficiently 
interact with Ptc and a Lipoprotein receptor and thereby increase Hh signaling. 
Membrane associated Dally protein is mainly detected at the basolateral 
membrane and at the level of the junction (Fig. 28A). In contrast, GFP:Dallygpi is 
efficiently released into the apical lumen and accumulates on the apical surface (Fig. 
28B). Strikingly, Lipoprotein particles accumulate at the apical and basal surface 
upon blocking of endocytosis by expressing the dominant negative Rab5SN and are 
detected intracellularly in fewer endosomes as compared to wildtype tissue (Fig. 28C 
to E). This data suggests that Lipoprotein particles are normally internalized from the 
apical surface by a Rab5-dependent mechanism. Internalized Lipoprotein particles 
colocalize with Rab5 and Rab7 positive endosomes (Fig 28F-I). 
 
Figure 27: Hedghog distribution in wing imaginal discs. A-D) The Hh protein distribution is not 
altered in discs overexpressing GFPDallygpi using engal4 or in dally mutant disc. Hh staining of A) 
enGal, B) enGal4/GFPDallygpi and C) dally mutant wing discs. D) Average Hh staining intensity of 
10 discs of enGal4 and 10 discs of enGal4;GFPDallygpi and 10 discs of dally80/dally80 were 
quantified. Engal4 in yellow, GFPDallygpi in blue, dally80/dally80 in red. E-M) Basolateral 
Hedgehog and Ptc distribution are not affected by the presence of GFP:Dallygpi in the apical lumen. 
When Hedgehog is overexpressed in the posterior compartment significantly more protein is observed 
near the AP boundary and throughout the wing disc epithelium and results in a dramatic increase of 
the range of Patched expression. E) Hh staining of a wing disc expressing UAShh under the control of 
enGal4. F) merge of F and G. G) Ptc staining of a wing disc expressing UAShh under the control of 
enGal4. H) Hh staining of an enGal4 control disc. I) merge of H and J. J) Ptc staining of an enGal4 
control discs. K) Hh staining of a wing disc expressing GFP:Dallygpi using enGal4. L) merge of K 
and M. M) Ptc staining of a wing disc expressing GFP:Dallygpi under the control of enGal4. Hh in 
red, Ptc in blue, GFP:Dallygpi in green. 
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Figure 28: GFP:Dallygpi and Lipophorin localization in wing imaginal discs. A) GFP:Dally 
localizes to the basolateral membrane. B) GFP:Dallygpi is released into the apical lumen of the disc 
epithelium. GFP:Dally and GFP:Dallygpi in green, Cadherin in red. C-E) Lipophorin is internalized 
both apically and basally.  Blocking Rab5-dependent endocytosis by expressing the dominant negative 
Rab5SN in the dorsal half of the wing disc using apGal4 for 5 hours causes accumulation of 
endogenous Lipophorin on both C) apical and D) basal surfaces, but E) not on lateral surfaces. F-I) 
Wing imaginal discs expressing CFP:Rab5 and YFP:Rab7 under the control of the endogenous tubulin 
promoter were stained for Lipophorin (performed by Eric Marois). Lipophorin particles colocalize 
with Rab5 and Rab7 positive endosomes. F) CFP:Rab5 in red, G) YFP:Rab7 in green, H) Lipophorin 
antibody staining in blue, and I) merge of F, G and H. 
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Similar to Lipoprotein particles, GFP:Dallygpi, Hh, and Ptc are also 
internalized from the apical side. GFP:Dallygpi, Hh, and Ptc colocalize together in 
the same Rab5 positive ensosomes (Fig. 29A-H arrows) and GFP:Dallygpi is 
observed in Rab5 positive endosomes throughout the epithelium (Fig. 29A-H 
arrowheads). GFP:Dallygpi, Hh, and Ptc colocalize strongly at the 
anterior/posterior compartment boundary, where the Hh signaling molecule is 
sequestered by Ptc (Fig. 29I-L arrows). Co-localization of GFP:Dallygpi, 
Lipoprotein particles and Hh is mainly observed near the anterior posterior 
compartment boundary (Fig. 29M to P arrowheads). In addition, GFP:Dallygpi and 
Lipoprotein particles co-localize strongly in endosomes throughout the wing 
epithelium (Fig. 29P arrows). 
 This data suggests that GFP:Dallygpi released into the apical lumen is 
functionally important to promote Hh signaling. Since GFP:Dallygpi, Hh and 
Lipoprotein particles are internalized from the apical surface we propose the 
mechanism that a complex of these proteins on Lipoprotein particles might 
efficiently interact with cell surface receptors thereby promoting signaling efficiency.  
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Figure 29: GFP:Dallygpi colocalizes with Hedgehog, Patched and Lipophorin in endosomes. 
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Figure 29: GFP:Dallygpi colocalizes with Hedgehog, Patched and Lipophorin in endosomes. 
A-H) Wing imaginal discs expressing GFP:Dallygpi under the control of apGal4 and CFP:Rab5 
under the control of the endogenous tubulin promoter were stained for Hh and Ptc. Images were taken 
from the ventral compartment, which do not express GFP:Dallygpi but take it up from the lumen. A-
D) GFP:Dallygpi and Hh colocalize in Rab5 positive endosomes (arrows) and GFP:Dallygpi is 
observed in Rab5 positive endosomes throughout the wing imaginal disc (arrowheads). A) 
GFP:Dallygpi in green, B) CFP:Rab5 in blue, C) Hh antibody staining in red, and D) merge of A, B 
and C. E-H) GFP:Dallygpi and Ptc colocalize in Rab5 positive endosomes (arrows) which are also 
positive for Hh (compare with C and D). GFP:Dallygpi is observed in Rab5 positive endosomes 
throughout the wing imaginal disc (arrowheads). E) GFP:Dallygpi in green, F) CFP:Rab5 in blue, 
G) Hh antibody staining in red, and H) merge of E, F and G. I-L) Hh and GFP:Dallygpi colocalize 
in Patched positive endosomes close to the anterior/posterior compartment boundary (arrows). A wing 
disc expressing GFP:Dallygpi under the control of enGal4 was stained for Hh in I, Ptc in J and 
GFP:Dallygpi expression is shown in K. L) merge of I, J and K; Hh in red, Ptc in blue and 
GFP:Dallygpi in green. M-P) Hh and GFP:Dallygpi colocalize in Lipophorin positive endosomes 
close to the A/P boundary (arrowheads), and GFP:Dallygpi colocalizes in Lipophorin positive 
endosomes throughout the wing epithelium (arrows). Wing disc expressing GFP:Dallygpi under the 
control of enGal4 was stained for Hh in M, Lipophorin in N and GFP:Dallygpi expression is shown 
in O. P) merge of M, N and O; Hh in red, Lipophorin in blue and GFP:Dallygpi in green. 
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3 DISCUSSION 
 
The mechanisms that control the spread and activity of Hh are critical 
regulators of pattern formation and growth. Hh is modified by both cholesterol and 
palmitate – in addition to conferring membrane affinity and limiting the spread of the 
protein, these modifications are essential for normal signaling activity. Our lab 
recently established that lipid-linked morphogens are released from membranes on 
Lipoprotein particles, and that this association is required for long-range signaling of 
Wg and Hh. A variety of gpi-anchored proteins associate with Lipoptrotein particles 
via their lipid moieties. However, it remains to be elucidated which of these proteins 
regulate spread or signaling efficiency of morphogens (Panakova, Sprong et al. 
2005). In order to move into receiving tissue, lipid-modified Hh requires cell surface 
HSPGs; cells that cannot synthesize them do not accumulate Hh or signal. This 
function of the HSPGs is fulfilled, at least in part, by the glypicans Dally and Dally-
like. Here, we establish the general principle that glypicans, which represent a subset 
of HSPGs, associate with Lipoprotein particles. Furthermore, we show that released 
forms of glypicans can bind either through a gpi-anchor or via HS to Lipoprotein 
particles. The novel finding that these proteins interact with Lipophorin particles in 
both their membrane associated and free soluble forms suggests that glypicans 
mediate different functions at the cell membrane and as released forms. Here we 
have investigated the relation between glypicans and Lipophorin in the Hh pathway 
and showed that the non-gpi modified form of the glypican Dally promotes Hh 
signaling activity and is required for the normal range of target gene activation. 
 
 
3.1 Glypicans are released from plasma membranes and 
interact with Lipoprotein particles 
 
Dally and Dally-like have been proposed to act as a low affinity co-receptors 
to increase the local ligand concentration, to restrict its movement or to regulate the 
membrane affinity and stability of the signaling molecule (Nybakken and Perrimon 
2002; Lin 2004; Hacker, Nybakken et al. 2005). All of these models have in common 
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that these functions of Dally and Dally-like are likely to be exerted cell-
autonomously on the cell membrane. Other gpi-linked proteins can be released from 
the cell membrane by a variety of mechanisms including proteolysis, removal of the 
gpi-anchor, or Lipoprotein association.   
We first used biochemical fractionation and imaging to show that glypicans 
are present in several froms in wing imaginal discs in vivo. Dally is present as 
membrane-tethered form, undergoes proteolytic cleavage which results in the release 
of a N-terminal cleavage product, and is released on lipidic particles as well as by 
removal of the gpi-anchor. We confirmed that Dally-like is present on the cell 
membrane and can be released by removal of the gpi-anchor. In addition, Dally-like 
is targeted to Lipoprotein particles with its gpi-anchor intact. Surprisingly, even 
glypicans from which the lipid anchor has been removed associate with Lipophorin 
by a mechanism that may be mediated by heparan sulfate. As a result glypicans 
released into the extracellular space of the epithelium can bind Lipophorin, and the 
membrane-associated form can autonomously recruit Lipoprotein particles through 
the same mechanism. The novel finding that glypicans interact with Lipoprotein 
particles supports the idea that Lipoprotein particles transfer lipid-linked signaling 
and regulatory molecules thereby modulating morphogen trafficking and signaling. 
 
 
3.2 Role of released glypicans in development 
 
Dally-like has been shown to be secreted into tissue culture cell supernatants 
– a process that is promoted by the enzyme Notum. Notum encodes for a member of 
the / hydrolase enzyme superfamily that can repress Wg signaling, by modifying 
Dally-like. Notum acts to induce cleavage at the level of the gpi-anchor and releases 
Dally-like from the cell membrane. Over-expression of Dally-like strikingly 
increases extracellular Wg protein levels suggesting that Dally-like binds efficiently 
to Wg, and that membrane-associated Dally-like protein possibly retains Wg at the 
cell surface. Removal of Dally-like from the cell membrane shapes the Wg gradient 
and allows Wg to spread through the epithelial over long distances. High levels of 
Wg signaling induce Notum expression. Thus Wg shapes its own gradient formation 
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by regulation of Notum expression and modifies its interaction with cell surface 
HSPGs (Gerlitz and Basler 2002; Giraldez, Copley et al. 2002; Kirkpatrick, 
Dimitroff et al. 2004; Kreuger, Perez et al. 2004). 
Like Dally-like, Dally also well released from the cell surface in vivo by 
either Lipoprotein association or removal of the gpi-anchor. In contrast to Dally-like, 
the non-gpi anchored form of Dally performs a signaling function. Released Dally 
efficiently promotes Hh signaling activity, whereas the membrane-associated form of 
Dally cannot perform this function. 
Thus the release of glypicans from the cell membrane appears to act by 
different mechanisms in regard to morphogen signaling. Cleavage of Dally-like 
seems to primarily shape the Wg gradient formation by controlling the ability of 
glypicans to bind Wg at the cell surface and to interact with its receptor. So far, there 
has been no function reported for the released form of Dally-like. In contrast, the 
non-gpi modified form of Dally does not control morphogen gradient formation of 
both Wg and Hh, but efficiently increases signaling activity of Hh. 
Thus we propose that glypicans are released from plasma membranes and that 
the released forms of glypicans modulate different aspects of morphogen signaling 
than the membrane-associated form of glypicans. 
 
 
3.3 The non-gpi-modified form of Dally influences Hedgehog 
signaling activity 
 
The glypicans Dally and Dally-like play multiple roles in the spread and 
signaling of Wg and Hh in imaginal discs. Both proteins appear to act redundantly 
with respect to Hh; reduced Hh signaling has been reported in null clones for dally 
and dally-like, but not for single mutant clones of either gene (Han, Belenkaya et al. 
2004).  In this study we have shown that Hh signaling efficiency is reduced in wings 
completely mutant for dally and that this phenotype can be rescued non-
autonomously by expression of non-gpi-modified Dally. Thus the loss of released 
Dally is likely to account for reduced Hh signaling in dally mutant discs. 
GFP:Dallygpi is able to broaden the long-range but not short-range target genes in 
 77 
a otherwise wild-type background. It appears that short-range signaling is already 
maximized and that these cells do not respond to additional signaling input. 
However, overexpression of GFP:Dallygpi in flies mutant for dally increases both 
short and long-range targets. Furthermore, this data shows that released Dally is 
sufficient to promote short and long-range signaling and that membrane-associated 
Dally is not necessary for this function. The membrane anchored form of Dally is not 
likely to be required for efficient Hh signaling since cell-autonomous signal 
transduction is not perturbed in dally mutant clones. The failure to observe Hh 
signaling defects in dally mutant clones is thus likely to be rescued by released Dally 
from surrounding tissue.  
Taken together, these data show that released Dally is sufficient for Hh 
signaling activity and normal range of short and long-range target gene activation. 
 
 
3.4 Regulation of the Hedgehog signaling transduction 
pathway and transcriptional activation 
 
In absence of the Hh signal the ubiquitously expressed transcription factor Ci 
is cleaved to a transcriptional repressor Ci
rep
. Transduction of the signaling cascade 
upon binding of Hh to its receptor Ptc inhibits cleavage of Ci to its repressor form. A 
crucial step in the activation of the Hh transduction pathway is to stabilize Ci full-
length. Ci mediates the signal from the cytoplasm to the nucleus upon where it 
directly regulates transcription of target genes (Motzny and Holmgren 1995; Aza-
Blanc, Ramirez-Weber et al. 1997; Methot and Basler 1999). We have shown that 
target gene activation is reduced in dally mutant discs. Surprisingly, this reduction is 
not reflected in the distribution of the transcriptional activator, Ci full-length. Ci full-
length accumulates over the same range in wing discs completely mutant for dally as 
it does in wild type discs. Analysis of nuclear Ci upon blocking nuclear export 
suggests that the level of full-length Ci is quantitatively increased cell-autonomously 
in dally mutant discs. Normal levels of Hh signaling induce engrailed expression 
anterior of the AP boundary in late third instar wing imaginal discs. In earlier stages 
the expression of engrailed is restricted to the posterior compartment. Engrailed is 
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required to repress Ci expression in the posterior compartment in order to avoid Hh 
signaling transduction in posterior disc cells.  Induction of engrailed expression in 
anterior compartment cells in the late third instar imaginal disc thus leads to the 
reduction of ci expression. The observation that Hh signaling and Engrailed levels 
are reduced in dally mutant might account for increased levels of Ci full-length. The 
analysis of Ci full-length distribution clearly revealed that stabilization and nuclear 
translocation of full-length Ci is not sufficient to convert it into a transcriptional 
activator and thus the activation of Ci full-length appears to be dependent on post-
translational modifications induced by Hh signaling or Ci full-length interacts with 
other transcriptional co-factors to fully activate signaling. In contrast, GFPdallygpi 
can dramatically extend Ci accumulation and increases Hh signaling in a Hh-
dependent manner. Released Dally is sufficient to induce stabilization and activation 
of Ci full-length to promote Hh target gene expression. While some alterations in 
intracellular components of the Hh transduction pathway can affect Ci activity and 
not stability, this is the first indication that signaling can be separately regulated by 
extracellular cues. 
Hh signaling tightly controls the formation of an activator form of Ci. Studies 
in Drosophila salivary glands demonstrated a Hh dependent relocalization of Smo 
from internal membranes to the cell surface. Ptc repression of Smo and transmission 
of a signal to a cytoplasmatic complex, probably at the microtubular web, trigger 
intracellular signal transduction through several components like Costal-2 (Cos2), 
Protein kinase A (PKA), Fused (Fu), Suppressor of Fused (Su(fu)) and Slimb (Wang 
and Holmgren 1999; Lefers, Wang et al. 2001; Strutt, Thomas et al. 2001; Jia, 
Amanai et al. 2002; Lum, Zhang et al. 2003; Zhu, Zheng et al. 2003; Nakano, 
Nystedt et al. 2004). Loss of function of fu, PKA and cos2 in clones mimic Hh-
induced Ci full-length stabilization, suggesting that these components are important 
to promote Ci degradation. Furthermore, Ci mutated at putative PKA sites is resistant 
to cleavage (Chen, von Kessler et al. 1999), suggesting that the phosphorylation state 
of Ci is an important step in regulating Ci activity. Despite the observation that 
disruption of fu, PKA and cos2 function results in Ci full-length accumulation, they 
are not able to activate Ci full-length and do not induce Hh target gene expression 
(Wang, Wang et al. 1999). 
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Recent studies have shown that a N-teriminal region of Ci is important to 
regulate interaction with the Su(fu) protein which in turn modulates the subcellular 
localization of the transcriptional activator Ci full-length (Croker, Ziegenhorn et al. 
2006). Ci and Su(fu) enter the nucleus together and were shown to bind specific 
DNA sites in Drosophila poytene chromosomes (Sisson, Ziegenhorn et al. 2006). 
This result is surprising since Su(fu) has been shown to assist the sequestration of Ci 
in the cytoplasm (Methot and Basler 2000; Wang, Amanai et al. 2000; Lefers, Wang 
et al. 2001). However, it has been demonstrated that Su(fu) is phosphorylated  in the 
presence of Hh signaling and it has been suggested that this modification might 
reduce Su(fu) repressive activity. The modification of Su(fu) and nuclear localization 
of Su(fu) and Ci could regulate the recruitment of different co-factors to target 
enhancers and account for differential gene expression.  
 
 
 
3.5 How do cells interpret the Hedgehog gradient? 
 
Our data indicates that Hh signaling activity is increased by released Dally 
without affecting the distribution of Hh protein. Hh signaling appears to be limited to 
cells near the A/P boundary by a mechanism, which is not limited by Rab5-
dependent endocytosis. These findings strongly suggest that Ptc sequesters Hh in 
cells near the A/P boundary. Thus Hh efficiently promotes its own sequestration by 
upregulating ptc transcription. This negative feedback mechanism restrains the range 
of Hh signaling and suggests that the spread of Hh protein is controlled by restrictive 
diffusion (Torroja, Gorfinkiel et al. 2004). Hh and Ptc co-localization is primarily 
detected close to the AP boundary and hardly detected in the epithelium over long 
distances. However, Ci full-length is stabilized over 10 to 12 cell diameters from the 
AP boundary and is dramatically increased by hh or GFP:Dallygpi overexpression. 
Low amounts of Hh must be sufficient to induce Ci stabilization away from the 
boundary. It is not known how cells interpret the Hh protein gradient in order to 
activate target genes in concrete steps away from the boundary since Ci full-length 
appears to be accumulated uniformly within several cell diameters. 
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Comparatively moderate changes in signaling strength are sufficient to 
significantly alter the response of cells. The linearity of signaling pathways implies 
that the signal transduction machinery transmits concentration-dependent 
information with sufficient fidelity to mediate different responses. Based on that one 
would predict that changes in the extracellular morphogen concentration should be 
reflected directly by differences in the activity of the relevant transcriptional 
effectors. For example, two to threefold changes in Shh concentration, which 
determine different neuronal subtypes, are mimicked by changes in the activity levels 
of the Gli protein, the transcription activator in Shh signaling (Stamataki, Ulloa et al. 
2005). Hovewer, in many cases more than one target gene is differentially regulated 
in the range of high accumulation of the transcription factor of a given pathway. 
Differences in the affinity of the transcriptional effectors for binding to sites with 
different DNA sequences could account for a mechanism to regulate differential 
target gene expression. Balance of positive and/or negative inputs would determine 
the limits of an expression domain. In the case of Hh signaling it has been shown that 
the balance between Ci full-length and Ci
rep
 defines the region of dpp expression 
(Methot and Basler 1999). Additional regulation can be induced. Clearly, target gene 
expression can be regulated by cooperation between multiple transcriptional 
activators. In the case of the interpretation of Hh signaling this could be mediated by 
the binding of Ci to a co-receptor such as Su(fu). In general, the output of target gene 
expression can be regulated by the balance of transcriptional activators, co-activators 
and transcriptional repressors.  
 
 
 
3.6 Receptors involved in signaling transduction 
 
Hh produced by the posterior compartment induces anterior cells to set up a 
developmental organizer. Genetic interactions between Hh, Ptc and Smo suggested 
that Ptc negatively regulated Smo, except when bound to Hh, and Smo signals 
constitutively except when inhibited by Ptc. Ptc therefore is considered as primary 
receptor for Hh. This is supported by the observation that vertebrate Ptc binds to Shh, 
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although binding studies were never performed in Drosophila (Ingham, Nystedt et al. 
2000; Ramirez-Weber, Casso et al. 2000; Lum, Zhang et al. 2003). Intriguingly, 
Lipophorin and released Dally are taken up by cells throughout the epithelium. It will 
be interesting to see whether overexpression of Ptc in the anterior compartment does 
recruit Lipoprotein particles. Lipoprotein particles taken up throughout the disc 
might be sequestered by a Lipoprotein receptor. However Hh present on these 
particles might efficiently interact with the Ptc receptor. HSPGs might therefore be 
crucial to sequester Lipoprotein particles and might facilitate interaction between 
Lipoprotein receptors, particles bearing Hh and its receptor Ptc. 
Alternatively Ptc may not be the only receptor for Hh signaling. Evidence for 
this is given by the fact that the Hh signal transduction pathway is active in P cells, 
where Ptc is not expressed (Ramirez-Weber, Casso et al. 2000). Since Ptc is 
primarily limited to the A/P boundary Hh transduction away from the boundary 
might be mediated by a Hh receptor other than Ptc. 
 
 
3.7 Endocytosis of Lipoprotein particles via LRP receptors 
and heparan sulfate proteoglycans 
 
Here we introduce a novel mechanism, that particle-associated Dally 
influences the signaling efficiency of the Hh transduction pathway. However, we do 
not show the molecular mechanism of this increased activity. 
The LDL receptor is a critical participant in the uptake and endocytosis of 
LDL particles and was extensively studied in the vertebrate system. However, LDL 
particles can be internalized by an alternative pathway involving LDL receptor 
related protein (LRP) and HSPGs. It has been shown that HSPGs bind to vertebrate 
Lipoprotein particles and are important in LDL clearance from the plasma and 
enhance the uptake of LDL. The HSPG-LRP pathway can either mediate uptake by 
transfer of the particle to the LRP for internalization or by the binding of Lipoprotein 
particles to HSPGs forming a tertiary complex with the LRP that is then internalized. 
HSPGs alone are also able to mediate direct uptake of Lipoproteins and function as a 
receptor (Mahley and Ji 1999; Wilsie and Orlando 2003). 
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Interestingly, the LRP Arrow and Megalin have been implicated in Wg and 
Hh morphogen signaling. Arrow is necessary for Wg signaling transduction in cells 
receiving the signal. Arrow encodes a single-pass transmembrane protein and acts as 
a co-receptor together with the Frizzled receptor class to bind Wg ligand (Tamai, 
Semenov et al. 2000; Wehrli, Dougan et al. 2000). Another member of the LRP 
family, Megalin, has been shown to bind with high affinity to the N-terminal 
fragment of Shh and efficiently induces endocytosis of Shh ligand. Megalin-
dependent endocytosis of Shh was inhibited by heparin, indicating that HSPGs might 
act as co-receptors for LRPs (McCarthy, Barth et al. 2002; McCarthy and Argraves 
2003). 
The finding that Wg and Hh associate with lipidic particles is consistent with 
the idea that LDL receptors or LRPs might be implicated in endocytosis of lipid-
linked morphogens and signaling transduction. Furthermore, we find that Dally and 
Dally-like physically interact with Drosophila Lipophorin. The released form of 
Dally co-localizes extensively with Lipoprotein particles, Hh or Ptc in endosomes. 
This supports the idea that HSPGs mediate sequestration of Lipoprotein-associated 
morphogens and that HSPGs play a role as integral component of a multi-component 
ligand/receptor complex. It will be interesting to see whether the ability of glypicans 
to recruit Lipoprotein particles is relevant to their recruitment of Lipophorin-
associated morphogens and signaling. 
 
 
3.8 Lipoproteins provide a platform for regulation of 
morphogen signaling 
 
Our group demonstrated that lipid-linked morphogens like Hh and Wg are 
released from membranes by association with Lipoproteins particles. This 
association is essential for normal spread and signaling (Panakova, Sprong et al. 
2005). Clearly, one potentially important function of Lipophorin association may be 
to mobilize otherwise membrane bound molecules for long-range movement.  
Furthermore, morphogen trafficking or signaling might be influenced by cellular 
receptors for Lipophorin. The finding that gpi-linked proteins are found on 
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Lipoprotein particles raises the possibility that spread and signaling activity of 
morphogens might be controlled by releasing them on a multivalent particle 
associating with other regulatory proteins.  Intriguingly, released Dally physically 
interacts with Lipoprotein particles and increases the potency to promote Hh 
signaling.  
We showed that both Lipoprotein particles, Hh and Ptc are internalized from 
the apical and basal, but not lateral, side of the epithelium when endocytosis is 
blocked. An intriguing possibility is that Hh may transmit different signals from the 
apical and basal sides of epithelial cells. Both pools are likely to signal, because both 
co-accumulate with Ptc. Released Dally is most likely to affect signaling activity of 
apical Hh-bearing Lipoprotein particles because it is concentrated in the apical 
lumen. The release of Dally and its apical sorting appears to be important since the 
membrane-associated form of Dally localizes basolaterally and is not sufficient to 
increase Hh signaling activity. Our data show that the signaling activity of Hh-
bearing Lipoproteins is influenced by particle-associated Dally, and suggest that 
Lipoprotein particles provide a platform for the regulation of morphogen signaling. 
It, furthermore, strengthens the emerging possibility that regulating apical/basolateral 
delivery of morphogens may affect the spatial pattern of target gene expression. 
Developing tissues respond to signaling from Hedgehog family proteins in a 
variety of different ways. Hedgehog can promote growth (Cayuso and Marti 2005; 
Stecca and Ruiz i Altaba 2005), act as guidance factor (Schnorrer and Dickson 2004; 
Bovolenta 2005; Charron and Tessier-Lavigne 2005; Salie, Niederkofler et al. 2005; 
Stoeckli 2006), or activate a number of different types of target gene expression to 
direct patterning of different organs (Vervoort 2000; Tickle 2003; Zeller 2004; Lupo, 
Harris et al. 2006). Despite this variety, Hedgehog family proteins appear to utilize 
the same core machinery for signaling transduction in each case. Cell intrinsic factors 
that depend on the particular pre-existing pattern of gene expression are likely to 
account for the variable regulation of differential gene expression. Our data suggest 
that Hh signaling may also be regulated by the complement of other proteins present 
with Hh on Lipophorin particles. We speculate that this mechanism increases the 
complexity of signals that can be delivered by a specific morphogen.  
 
 84 
 
4 MATERIALS AND METHODS 
 
 
Fly stocks 
 
The wildtype Oregon K, apGal4, enGal4, ptcGal4, hs-flippase, dally
P2
, hh
ts
, 
dppLacZ fly stocks are available from the Bloomington stock centre. Dally
Z3
 and 
dally
80
 were given as gifts from Ethan Bier and from Xinhua Lin. Transgenic lines: 
UAS:secretedGFP (Entchev, Schwabedissen et al. 2000); UAS:cytoplasmaticGFP 
(Bloomigton); UAS:hh (Bloomington); UAS:GFP:CD63 (Panakova, Sprong et al. 
2005); UAS<hcRed>Rab5SN, UAS<hcRed>Rab7SN, tubP:CFP:Rab5 and 
tubP:YFPRab7 (Marois, Mahmoud et al. 2006).  
 
 
Construction of tagged and mutant glypican isoforms 
 
GFP:Dally and CFP:Dally were constructed in pUAST by generating an NcoI site 
between Dally nucleotides 173-178 and inserting either GFP or CFP with NcoI 
linkers.  This resulted in the insertion of GFP at amino acid 58 (shortly after the 
signal sequence) and the concomitant deletion of Lysine 58.  
pUAST:GFP:Dallygpi  was constructed from pUAST:GFP:Dally by converting 
asparagine 604, which occurs just before the gpi-addition sequences, to a stop codon. 
pUAST:GFP:DallyHS was constructed from pUAST:GFP:Dally by mutating 
serines 549, 569 and 573 to alanine residues. 
To construct UAS:GFPdally-like and UAS:YFPdally-like  we cloned GFP or YFP 
with SphI linkers into an introduced SphI site shortly after the signal sequence.  This 
resulted in the insertion of GFP or YFP at amino acid XX and the replacement of 
glycine XX with cysteine.  
UAS:GFPDally-likegpi was made by changing arginine 743 to a stop codon. 
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Western blotting from discs extracts 
 
For disc extracts, imaginal discs from 10 larvae expressing GFP:Dally or 
GFP:Dally-like under the control of the UAS:Gal4 system were dissected and 
collected in an eppendorf tube on ice using ice-cold PBS containing protease 
inhibitors (CLAP: Chymostatin, Leupeptin Hemisulfate salt, Antipain Hydrochlorid, 
Pepstatin A (25mg) (Sigma Aldrich) dissolved in 2,5ml DMSO). The samples were 
then boiled in Laemmle sample buffer with or without 10mM DDT and analyzed by 
SDS-PAGE and Western blotting. Following primary antibody was used: mouse 
monoclonal anti-GFP 1:750 (Santa Cruz). Secondary HRP-conjugated antibodies 
(Dianova, Jackson) were used in the dilution 1:3000. 
 
 
Fractionation 
 
50 larvae expressing GFP:Dally, GFP:Dallygpi, GFP:DallyHS, GFP:Dally-like 
or GFP:CD63 under the control of the UAS:Gal4 system were dissected and 
homogenized on ice with 300l of 150 mM NaCl, 50 mM Tris-Cl pH 7.4, 2 mM 
EGTA plus protease inhibitors ROCHE Complete (Roche) using a biovortex and a 
tight pestle. The homogenate was centrifuged for 10min at 1,000g yielding a pellet 
and a post-nuclear supernatant. The 1,000g supernatant was centrifuged for 3 h at 
33,600 r.p.m. (120,000g) at 4 °C in a TLA55 rotor (Beckmann) to generate a pellet 
(P120) and a supernatant (S120). To analyse the P120/S120 the samples were re-
dissolved in TNE to an equivalent volume and the samples were precipitated using 
CH3Cl/MeOH and then boiled in reducing Laemmle sample buffer. The samples 
were loaded on SDS-PAGE and further analyzed by Western blotting. 
For isopycnic density centrifugation the S120 was prepared from 50 larvae 
expressing GFP:Dally, GFP:Dallygpi, GFP:DallyHS, GFP:Dally-like using 300-
500l TNE plus protease inhibitor ROCHE Complete (Roche).  The S120 was mixed 
with the solution of 0.5g/ml KBr (Merck) to a final concentration of 0.33 g ml
-1
 KBr 
and centrifuged for 2 days at 50,000 r.p.m. (285,000g) at 10 °C in a TLS55 rotor 
(Beckman). Equal fractions were carefully taken from the gradient and precipitated 
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with CH3Cl/MeOH. The samples were analyzed on SDS-PAGE followed by western 
blotting. Following primary antibodies were used: mouse monoclonal anti-GFP 
1:750 (Santa Cruz), anti-ApoLII 1:1000 (Panakova, Sprong et al. 2005). Secondary 
HRP-conjugated antibodies (Dianova, Jackson) were used in the dilution 1:3000. 
For isopycnic centrifugation in OptiPrep (Axishield) medium step gradients of 40%-
30%-20% Optiprep solution were prepared. The S120 of 50 larvae was mixed and 
adjusted to a 50% Optiprep solution, and was used to underlayer the pre-prepared 
step gradient. The samples were then centrifuged at 4°C at for 16h at 50,000 r.p.m 
(285,000g) in a TLS55 rotor (Beckman). Equal fractions were carefully taken from 
the gradient and precipitated with CH3Cl/MeOH. Samples were analyzed on SDS-
PAGE followed by western blotting. Following primary antibodies were used: mouse 
monoclonal anti-GFP 1:750 (Santa Cruz), anti-ApoLII 1:1000 (Panakova, Sprong et 
al. 2005), anti-Hh 1:500, anti-Fasciclin I 1:1009 (Hortsch and Goodman 1990). 
Secondary HRP-conjugated antibodies (Dianova, Jackson) were used in the dilution 
1:3000. 
 
 
PI-PLC treatment 
 
Wing imaginal discs were dissected from third instar larvae in Grace's insect medium 
(Sigma) and transferred into eppendorf tubes containing either 100 μl Grace's insect 
medium alone, or 100 μl Grace's insect medium and 1 unit of phophatidylinositol 
specific phosopholipase C (PI-PLC) from Molecular Probes and incubated at 29°C 
for 1h.  The samples were boiled in Laemmle sample buffer and analyzed on SDS-
PAGE followed by western blotting. The S120 prepared from 50 larvae was 
incubated with 1 unit PI-PLC at 37°C for 1h and further processed by isopycnic 
centrifugation. The samples were CH3Cl/MeOH precipitated and analyzed on SDS-
PAGE followed by western blotting. Following primary antibody was used: mouse 
monoclonal anti-GFP 1:750 (Santa Cruz). Secondary HRP-conjugated antibodies 
(Dianova, Jackson) were used in the dilution 1:3000. 
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Triton X-114 phase separation 
 
The homogenate of imaginal discs of 50 larvae expressing GFP:Dally was prepared 
in 300l of 150 mM NaCl, 50 mM Tris-Cl pH 7.4, 2 mM EGTA (TNE) plus protease 
inhibitors ROCHE Complete (Roche). 1% Triton X-114 was added to sobulize the 
membranes and the sample was incubated at 4 °C for
 
1h. Insoluble proteins were 
separated by several repetitions of following steps: incubation at 37°C for 10min, 
subsequent cooling on ice to bring the phases together, and centrifugation at 4°C at 
14,000rpm for 15min. After isolation of the insoluble pellet the supernatant was 
incubated at 37°C and immediately centrifuged at room temperature for 4min to 
separate hydrophilic proteins in the aqueous phase and integral membrane proteins 
with an amphiphilic nature in the detergent phase. After the repetition of the phase 
separation for a second time, each aqueous and detergent phase were pooled and 
adjusted to the same volume of TNE followed by CH3Cl/MeOH precipitation. The 
samples of the insoluble pellet, aqueous phase, and detergent phase were then 
analyzed on SDS-PAGE followed by western blotting. Following primary antibody 
was used: mouse monoclonal anti-GFP 1:750 (Santa Cruz). Secondary HRP-
conjugated antibodies (Dianova, Jackson) were used in the dilution 1:3000. 
 
 
Immunoprecipitations 
 
Affi-Prep Protein A  (BioRad) and Protein G Sepharose 4 Fast Flow(Amersham) 
beads were washed 5 times with 10 volumes of PBS, 0.5%BSA. The beads were 
pelleted between washes at 2000g for 5min. The beads were incubated with 
antibodies overnight at 4°C on a rotating wheel. 30l protein G beads and 30-50g 
monoclonal mouse anti-GFP(106A20) antibody (produced by the antibody facility of 
the MPI-CBG, Dresden) respectively 30l protein A beads and 0.5l of Apo II 
serum per 1l beads were used. The antibodies were removed after overnight 
incubation and the beads were washed 5 times with 10 volumes of PBS, 0.5%BSA. 
5ml of larvae from UAS:secGFP, UAS:GPFDallygpi and UAS:CFPDally-likegpi 
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were homogenized in a douncer using loose and tight fitting pestles with 10ml of 
150 mM NaCl, 50 mM Tris-Cl pH 7.4, 2 mM EGTA (TNE) plus protease inhibitors 
ROCHE Complete (Roche). The homogenates were centrifuged for 10min at 1,000g 
yielding pellet and post-nuclear supernatant. The 1,000g supernatant was centrifuged 
for 3h at 33,600 rpm (120,000g) at 4°C in a SW40Ti rotor (Beckman). The S120 was 
pre-cleared with washed beads for 3h at 4°C. The beads were pelleted and the 
supernatant was incubated with antibody-coupled beads overnight at 4°C. The beads 
were pelleted and the supernatant was saved for further analysis. The pelleted beads 
were washed 10 times with PBS. The precipitate was eluted with Laemmle buffer by 
boiling the beads 10min at 90°C. The Samples were then analyzed by SDS-PAGE 
and western blotting. Primary antibodies were used as follows: mouse monoclonal 
anti-GFP 1:750 (Santa Cruz), anti-ApoL II 1:1000 (Panakova, Sprong et al. 2005). 
Secondary HRP-conjugated antibodies (Dianova, Jackson) were used in the dilution 
1:3000. 
 
 
Antisera 
 
Hh: Anti-Hedgehog was produced by immunizing rabbits with a bacterially produced 
protein comprising Hedgehog amino acids 90 to 471 fused to an N-terminal His-tag.  
The antiserum was affinity purified using a bacterially produced GST fusion of the 
Hedgehog N-terminal fragment (amino acids 82-257).  This antibody was used at 
1:500 after affinity purification.   
Lipoprotein: Rabbits were immunized with a protein sample containing the 
components of the top fraction of a KBr gradient performed on wild type larvae 
(Antibody facility of the MPI-CBG, Dresden). The top fraction was desalted using 
NAP
TM
 columns (Amersham) and eluted in PBS (Daniela Panakova, unpublished 
data). 
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Live imaging 
 
Wing imaginal discs were dissected from third instar larvae in Grace's insect media 
(Sigma). A concentrated FM4-64 stock was prepared by dissolving FM4-64 powder 
(Molecular Probes) in PBS to a final concentration of 16 mM. Wing imaginal discs 
were transferred onto a glass chamber slide into a drop of medium that contained 6 
μM FM4-64. These chambers slides were constructed by cutting a rectangular 
section out of a piece of double-side adhesive tape; a small channel was cut in the 
tape in order to allow superfluous medium to escape when the cover slip was placed 
on top. After positioning the cover slip, the channel was sealed with vacuum grease 
to prevent evaporation of the medium. Imaginal discs were always oriented with the 
apical surface facing the cover slip. Approximately 10 min were needed to seal the 
chamber, move to the microscope, find a suitable disc, and begin live imaging 
acquisition. Imaginal discs were observed using either a Leica TCS SP2 or a Zeiss 
LSM 510 confocal microscope. 
 
 
Immunohistochemistry 
 
Imaginal discs were dissected in PBS and collected in an eppendorf tube on ice. 
Imaginal discs were fixed with 4% paraformaldehyde in PBS for 20min and 
permabilized with 0.05% Triton X-100 in PBS (PBT) two times for 10min. The 
imaginal discs were then blocked three times for 15min in PBT, 250mM NaCl and 
1mg/ml BSA. After this step the discs were incubated overnight at 4°C with primary 
antibody in PBT and 1mg/ml BSA. The discs were washed two times 30min with 
PBT, 1mg/ml BSA and two times 30min with PBT, 1mg/ml BSA containing 4% 
normal goat serum prior to 2h secondary antibody incubation. The antibody was 
removed and the discs were washed three times for 15min in PBT and PBS and 
mounted in Prolong Anti Fade medium (Molecular Probes).  
To perform a nuclear staining, dissected discs were incubated with 20nM leptomycin 
B (Sigma) at 29°C for 1.5h to block irreversibly the protein in the nucleus prior to an 
antibody staining as described above.  
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Zenon (Molecular Probes) reagent was used to label primary antibodies for use with 
other primaries from the same organism. An antibody staining was performed as 
described above using only the primary antibody that will not be labeled with Zenon. 
All steps were performed including the incubation with the secondary antibody, but 
subsequent washes were done in PBT, 1mg/ml BSA containing 4% normal goat 
serum. 1m antibody was mixed with 5l Zenon reagent and incubated for 5min at 
room temperature and subsequent incubated another 5min with blocking reagent. 
PBT, 1mg/ml BSA containing 4% normal goat serum was added to this antibody mix 
concentrating the antibody twofold higher than normally used. The discs were 
incubated 2h at room temperature with the Zenon-labeled antibody. The antibody 
was washed off with PBT three times for 15min.  The discs were fixed for 10min in 
PBS containing 4% paraformaldehyde and rinsed in PBS prior to mounting. 
Following primary antibodies were used: rabbit anti Hh 1:500 (Taylor, Nakano et al. 
1993); affinity purified rabbit anti-Hh 1:500 (see section: anitsera); mouse anti-Ptc 
1:50 (Capdevila, Pariente et al. 1994); rat anti-Ci 2A1 (Buenzow and Holmgren 
1995); mouse anti-En 1:50 (Patel, Martin-Blanco et al. 1989); mouse anti-Gal 
(Promega Z378A) 1:1000; rabbit anti-Gal (Cappel) 1:1000; rat anti-Col 1:200 
(Vervoort, Crozatier et al. 1999); rabbit anti-Lipoprotein 1:1000 (see section: 
antisera) mouse anti-DE-Cadherin (Oda, Uemura et al. 1994). To compare different 
genotypes, tissues were stained in parallel and imaging were taken under identical 
conditions with a Leica TCS SP2 or a Zeiss LSM 510 confocal microscope. 
 
 
Inducible UAS constructs of dominant negative Rab5SN and Rab7TN 
 
A FRT>HcRed>FRT cassette was inserted between the UAS and the multiple 
cloning site (MCS) of pUAST. Rab5SN and Rab7TN were cloned into the MCS of 
this vector. When the FRT cassette is present, Gal4 transcribes HcRed and Rab5SN 
or Rab7TN cloned in the MCS are silent. Heat-shock-mediated induction of Flipase 
excises the FRT cassette and triggers expression of Rab5SN or Rab7TN in the MCS. 
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Larvae containing these constructs, a GAL4 driver and hs-Flipase were heated for 1 
hour 30 minutes to 37.2°C (causing cassette excision in virtually 100% of the cells) 
and dissected 5h after induction. 
 
 
Image analysis  
 
For the quantitation of immunostaining intensity, discs were dissected, fixed and 
stained in parallel and imaged in a confocal microscope under identical conditions.  
ImageJ was used to quantify the range and intensity of gene expression in five 
projected apical sections of Hh, Ci, En, Col and Dpp-LacZ-stained discs. For each 
image, we selected a 400 by 300 pixel rectangle centered around the AP boundary 
and used the Plot Profile function of ImageJ to calculate the average pixel intensity 
as a function of distance from the AP boundary.  These values were averaged for at 
least 6 different discs and plotted using Microsoft Excel.  
 
 
Analysis of adult wings 
 
Images of adult wings were generated using a 5x or 10x objective with a Zeiss 
Axioplan Microscope. Image J was used to select and measure the area of each 
intervein region.  At least ten wings were analyzed per genotype.  The area of the 
anterior compartment was defined as the combined areas of intervein regions 
between L1, L2, L3 and L4.  The posterior compartment area was the sum of areas 
between L4, L5 and the posterior wing margin.  Graphs of these values and p-values 
(1 tailed, two samples unequal variance) were generated with Microsoft Excel.  
To determine average cell size in different regions of the wing, we counted the 
number of wing hairs within a square of defined area and divided the area of the 
square by the number of hairs.  As an estimate of cell number in a specific intervein 
region or compartment, we divided the area of the region by the average cell size in 
that region. Graphs of these values were generated with Microsoft Excel. 
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